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PART 1: INFORMATION FOR RADIATION
ONCOLOGY ADMINISTRATION

The present document has been developed as an update of
the 1975 AAPM “Code of practice for x-ray therapy linear
accelerators,“1 which was largely devoted to machines pro-
ducing x-ray beams of 10 MV or less. It is intended to cover
all medical electron accelerator equipment currently on the
market, including photon as well as electron beam machines.
The part 1 of this document is addressed to the radiation
oncology administration which may include chief radiation
oncologist, radiation oncology department administrator or a
hospital/free-standing center administrator. In these guide-
lines, the AAPM recognizes the importance of team effort
between administrators, radiation oncologists, physicists, do-
simetrists, radiation therapists (formerly known as radiation
therapy   technologists), and engineers, required to establish
an optimal radiation oncology program.

In the treatment of cancer with radiation, the radiation
oncologist prescribes a treatment regimen to cure or control
the disease while minimizing complications due to damage
to normal tissue. In general, published clinical and experi-
mental results show that dose response curves, for tumor
control or for normal tissue damage, are variable. For some
treatment sites these curves are very steep in the therapeutic
dose range, i.e., a small change in the dose can result in a
large change in clinical response. Moreover, the prescribed
doses are often, by necessity, constrained by tolerance doses
for normal tissue. Therefore, for optimum treatment, the ra-
diation dose must be delivered accurately.

The International Commission on Radiation Units and
Measurements (ICRU) has recommended that the dose deliv-
ered be within 5% of the prescribed dose.’ Considering the
many steps involved in delivering dose to a target volume in
a patient, each step must be performed with an accuracy of
much better than 5% to achieve the ICRU recommendation.
For example, if only three steps were involved (e.g., tumor
localization, dose calculation, and machine calibration) and
assuming the uncertainties combine in quadrature, better
than 3% accuracy would be required for each step.

Over the past 2 decades, great strides have been made in
the technology of diagnostic imaging as a basis for tumor
localization, the physics of radiation dosimetry, computer-
assisted radiation treatment planning, and in the technology
of external beam radiation machines, particularly electron
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accelerators capable of delivering both x-ray beams and elec-
tron beams. Higher energies have become available, as well
as more sophisticated beam control techniques, including au-
tomatic machine setting, treatment monitoring, and record-
ing. Programmable multileaf collimators enabling dynamic
treatment are becoming available and offer new possibilities,
but also new risks and responsibilities, and thus challenge
capabilities of the radiation oncologist and the physics and
therapy staff.

These technological developments offer a wider spectrum
of beam energies and technical capabilities, with new thera-
peutic possibilities. However, they pose new questions and
problems to not only the radiation oncologist and the physi-
cist, but also to the institution’s management team. Decision
making in regards to new radiation treatment facilities in-
volves many steps and many expertises. It should start with
the formulation of the radiation oncology needs of the insti-
tution based on the expected development of patient popula-
tion and include the development of specifications for all
proposed equipment, housing and support requirements, se-
lection of the equipment itself, acceptance testing, commis-
sioning, quality assurance, maintenance, and finally initial
and continual staff training. Compliance with state and fed-
eral regulations, as well as recommendations from bodies
such as the National Council on Radiation Protection and
Measurements (NCRP), must be assured.

The standard of practice requires the radiation oncologist
to have a precise knowledge of the expected radiation dose
distribution throughout the irradiated volume of the patient
prior to initiating treatments. This knowledge is based on
physical information about the radiation beam, alterations
caused by beam modifiers and various tissues of the body,
and on how several beams might be combined. The multiple
treatment modalities and energies available with modem
treatment machines require sophisticated control and super-
vision. The increasing application of computer control poses
special advantages as well as risks of a new nature, as some
recent incidents have demonstrated.3-8 If anything, the need
for a well-trained, in-house interdisciplinary staff for a mod-
em facility has increased, and hospital administrations
should not underestimate this aspect.

If the potential advantages of modem medical accelera-
tors are to be realized, then the decision to purchase such
equipment must be accompanied by the concomitant deci-
sion to have the required dosimetry and treatment planning
equipment with the appropriate staffing levels of qualified
radiation oncology physicist(s). In that regard, this code of
practice recommends the radiation oncology physicist be cer-
tified in radiation oncology physics by either the American
Board of Radiology, American Board of Medical Physics, or
the Canadian College of Medical Physics (Appendix A). We
recommend that radiation oncology facilities be staffed at
levels that closely follow the guidelines given in the “Blue
Book,” the Report of the Inter-Society Council for Radiation
Oncology. 9 In particular, we recommend that facilities with
even a single multimodality megavoltage medical accelerator
have a full-time qualified radiation oncology physicist. A
part-time consulting physicist alone does not provide radia-
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tion oncology physics services of a quality necessary for
state-of-the art radiation treatment.

The radiation oncology physicist is responsible for the
acceptance testing, commissioning, calibration, and periodic
quality assurance (QA) of the therapy equipment and directly
oversees the determination of radiation dose distributions in
patients undergoing treatment (i.e., computerized dosimetry
planning or direct radiation measurement). The radiation on-
cology physicist should help define the specifications for the
purchase of the treatment unit(s), therapy simulator(s), and
treatment planning system. The radiation oncology physicist
should be involved in the design of the facility and must
survey the environs after installation of a radiation treatment
machine in order to assure compliance with the applicable
state and federal laws (as well as with the recommendations
of such bodies as the National Council of Radiation Protec-
tion). The radiation oncology physicist shall certify that the
treatment machine is performing according to specifications
after it is installed, generate the data necessary for the accu-
rate treatment planning and delivery of the radiation, and
outline a written QA- procedure which includes tests to be
performed, tolerances, and frequency of the tests. The re-
sponsibilities of a radiation oncology physicist are listed in
Appendix B.

The newer generation multimodality (x ray and electron)
medical accelerators utilize, in many instances, computer
technology in their control systems. Such accelerators have
the potential for massive overdoses to the patient as a result
of software flaws. Therefore, the radiation oncology physi-
cist must carefully scrutinize the control systems of such
machines during the acceptance testing period, and after soft-
ware updates, paying particular attention to verifying what
happens when beam operating parameters are edited, e.g.,
switching between photon and electron modes.

Regular maintenance of a radiotherapy accelerator is re-
quired. We recommend that this must be overseen by the
radiation oncology physicist. While the supervising radiation
oncology physicist is not responsible for performing the ac-
tual machine maintenance, he or she is responsible for the
release of the treatment machine into clinical service after
maintenance and for documenting that any alteration caused
by the maintenance and repair schedule does not affect the
accelerator vis à vis the standards promulgated in this code
of practice. However, it is stressed that the qualified radiation
oncology physicist is the sole individual who can make a
decision on the working conditions of a medical accelerator
for patient treatments.

In-house service may be appropriate for institutions large
enough to assume the associated financial risks for failure of
components and failure to successfully perform service in a
timely manner. Smaller institutions may be more wisely ad-
vised to invest in and negotiate service agreements with the
equipment vendor or other trusted parties. Additionally, the
liability of the vendor is tapped to your support by doing
business in this manner.

It is necessary that the qualified radiation oncology physi-
cist have the appropriate equipment and test instrumentation
needed for beam calibration, acquisition of beam data for the
treatment planning computer, and the required periodic QA



1096 Nath et al.: AAPM code of practice for radiotherapy accelerators 1096

tests. A suggested list of the necessary equipment is listed in
Appendix C.

The implementation of increasingly complex treatment
planning systems and treatment units in radiation oncology
centers and the increasingly complex treatment procedures
require formal QA and preventive maintenance programs for
these units. Also, the use of radiotherapy accelerators in spe-
cial procedures such as intraoperative electron therapy, ster-
eotactic radiosurgery, and conformal three-dimensional
therapy require additional and even more stringent QA pro-
cedures to insure the level of confidence in the accuracy of
dose delivered. It should be noted that commissioning for
special procedures is not routine for all clinics and must be
thoroughly discussed between the medical physicist and the
radiation oncologist with an eye toward the total complement
of personal  and equipment available  locally to successfully
perform special procedures. For any new procedure it is im-
portant for all to understand the setback, which could occur
both locally and globally, for promising procedures mis-
handled by those not yet fully aware of the intricate details of
a new procedure.

In summary, the decision to provide a community with
radiation oncology facilities not only involves a decision to
enlist the services of a radiation oncologist and radiation
therapists, purchase and install the treatment planning and
treatment delivery equipment, and to arrange for its proper
maintenance, but also to provide for the support of a quali-
fied radiation oncology physicist and to insure he or she has
access to the appropriate dosimetry instrumentation. Ad-
equate support staff such as medical dosimetrists, block mak-
ers, etc. is also essential for a cost-effective operation of the
physics service. Also it is stressed that proper treatment is a
team effort, and making machines available for an appropri-
ate amount of time during normal working hours encourages
timely and complete quality assurance.

A few comments on terminology are in order. There are
three levels of imperatives distinguished in this report. [This
language was taken from a draft version of the TG-40 report
and was provided to us by J. Purdy, who is a member of
TG-40 (Chairman: G. Kutcher).]

(i) Shall or must: These terms are applied when the im-
perative is dictated by law.

(ii) Recommend: Phrases like “we recommend” and “re-
quires” are intended to convey that the task group
considers the procedure referred to as important. If
modification is considered, we recommend that it
would occur only after careful analysis demonstrates
that quality would not be degraded. When a tolerance
level or frequency of testing is given, it can be as-
sumed to be a recommendation or law.

(iii) Should: There are many aspects of QA where toler-
ance levels and frequencies cannot be given, and in
which quality can be maintained via many different
approaches. In these instances, which apply to many
aspects of QA, modals like “should” are used. The
task group recognizes the complexity of the treatment
planning and treatment process, and the inadvisability
and impossibility of giving precise direction to QA in
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this respect. However, the task group considered it
important to suggest avenues for such quality assur-
ance.

The AAPM is concerned that the recommendations in this
report must account for two incompatible principles, namely,
that our recommendations should reflect the highest stan-
dards, and at the same time that costs will inevitably increase
to meet those standards-especially when those standards
approach their practical limits. We have no ready answer to
this dilemma. Nevertheless, we have tried to balance these
principles by reporting what we consider to be standards of
practice, or where none clearly exist, to suggest standards
and procedures which we feel are consistent with other stan-
dards of practice and that could be attained with costs com-
parable to those standards.

PART 2: A CODE OF PRACTICE FOR
RADIOTHERAPY ACCELERATORS

I. INTRODUCTION

Ionizing radiation is one of the principal modalities used
in the treatment of cancer. The goal of radiation treatment is
always twofold: (i) to control the malignancy and (ii) to
avoid unacceptable damage to normal tissues. Optimal radia-
tion treatment requires accurate and timely diagnosis, accu-
rate determination of the target volume and critical organs at
risk, proper dose prescription, correct delivery of the pre-
scribed treatment and diligent follow-up. Careful documen-
tation of every phase of the radiation treatment process is
essential for clinical evaluation. The treatment process itself
requires a knowledge of the biological effects of radiation on
body tissues and organs, and the body as a whole. It is also
important to understand the physical nature of ionizing ra-
diation, its basic interactions with matter, and the processes
of energy deposition in tissues. The physics staff is therefore
not only responsible for proper functioning of the radiation
equipment but also for enabling the radiation oncologist and
therapist to deliver the best possible radiation treatment to
within a known accuracy and precision, using available re-
sources. The planning and delivery phases of radiation treat-
ment are the responsibility of specially trained staff including
radiation oncology physicists, dosimetrists, and therapists.
Understanding the technology of medical accelerators re-
quires high-level knowledge of radiation physics and famil-
iarity with mechanical, electrical and electronic engineering,
and computer science. Thus good radiation oncology practice
requires close interaction between practitioners of a spectrum
of disciplines, including oncology, medical technology, and
radiation physics.

The present document is the result of the AAPM’s efforts
to provide guidelines which enable the safe and accurate ap-
plication of external radiation beams from high energy radio-
therapy accelerators. It is intended as an update to the “Code
of practice for x-ray therapy linear accelerators,” a document
published by the AAPM in 1975.1 As indicated in its title, the
contents of the original code of practice were limited to
cover linear accelerators producing x rays of 10 MV or less.
Since 1975, radiotherapy accelerators that are capable of pro-
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ducing higher energy x-ray, as well as electron, beams have
become commercially available for routine use. Many ma-
chines can produce beams with several electron energies, and
some have dual x-ray energy capabilities. In addition to lin-
ear accelerators, there are now a few microtrons coming into
use. Techniques using single fractions of high doses such as
intraoperative electrons, stereotactic radiosurgery, etc. have
emerged. More recently, there has been an evolving interest
in programmable portal shaping using multileaf collimation.
This development promises a new interest in conformal
therapy and poses a challenge to a radiation oncology team
to develop methods that ensure safe and efficacious use of
these new technologies.

The broader capabilities of radiotherapy accelerators re-
quire greater expertise of all involved in their use: radiation
oncologists, physicists, dosimetrists,  therapists and support-
ing technical staff. The selection, installation, and clinical
use of modem radiation equipment involves:

(1)

(2)

(3)
(4)

(5)
(6)
(7)

(8)

development of the specifications of the radiation equip-
ment;
design and construction of the facilities to accommodate
the selected radiation equipment, including radiation
shielding;
installation of the selected radiation equipment;
verification of radiation safety in the environment of the
radiation facility;
acceptance testing of the installed equipment;
commissioning of the accelerator for active clinical use;
training of the staff in the safe and efficacious use of the
accelerator;
development and application of a comprehensive quality
assurance (QA) program.

The present document is intended to apply not only to
radiotherapy accelerators that produce x-ray beams but also
to those that produce electron beams. The reason for includ-
ing both x-ray and electron beams in one document is that in
most technical, radiation safety and practical operational as-
pects, these machines pose very similar problems.

At present the vast majority of radiotherapy accelerators
in the USA are linear electron accelerators. A modern medi-
cal accelerator is a large, heavy, and complex piece of equip-
ment which demands careful attention to the design of the
facility to house it. The various aspects of these machines,
such as the type of gantry mount, pose special construction
problems. In particular, because of the size and weight of the
machines and the radiation shielding requirements, one must
take into account the special requirements for construction of
the room which contains the machine. In particular, one must
pay close attention to the thickness and composition of the
floor, ceiling, and walls of the room and the occupancy of
adjoining rooms by hospital personnel. The power and cool-
ing requirements, coupled with a considerable amount of
computerized control requirements, necessitate special atten-
tion to the unique needs for electrical, water, and air supplies
to the accelerator room.

The operation, control and quality assurance of modern
radiotherapy accelerators often involves a considerable de-
gree of computerized control and data processing techniques.

For all practical purposes, acquisition of such equipment re-
quires making a choice between a limited number of com-
mercially available FDA approved accelerators. Neverthe-
less, the radiation oncology team that is ready to purchase an
accelerator is faced with the complex task of selecting the
appropriate machine from those commercially available and
developing the necessary specifications to meet the team’s
clinical needs. This process should include:

(1)
(2)

(3)
(4)

(5)
(6)

(7)

a careful study of the clinical needs;
a careful study of technical and physical specifications of
the commercially available equipment, including the
technical and operational characteristics of the “patient
support system” and any essential accessories;
an inventory of available space, available funds;
available or needed physics or therapy staff, and avail-
able in-house technical support:
specification of the acceptance testing process;
an analysis of the financial implications, including war-
ranties and the possible need for maintenance contracts;
a thorough investigation of the quality of available ser-
vice networks in the geographic region.

This work should be performed with close cooperation
between the radiation oncologists, physicists, technical staff,
and administration of the institution. It should produce speci-
fications that meet or exceed the requirements of building
codes, including fire department and radiation safety regula-
tions.

The purpose of this document is to set a standard of prac-
tice and to provide educational material for all practicing
physicists. A varying depth of detail is presented for different
sections. Those sections which deal with new procedures
(such as stereotactic radiosurgery) and for which literature is
not easily available (such as acceptance testing) are treated in
more detail than others.

II. FACILITY PLANNING AND RADIATION
PROTECTION

A. Shielding design

The initial work on a new radiotherapy facility begins
with the design of the room. One needs to shield the areas
outside the room to the levels specified by current state regu-
lations and NCRP guidelines. For high energy machines with
nominal energies greater than 15 MeV, the maximum permis-
sible exposure should include the effects of neutrons as well
as photons, with the appropriate neutron quality factors taken
into account. There have been changes recently in the rec-
ommendations for maximum permissible exposure limits
(see Sec. II C below) and the newly revised recommenda-
tions must be adhered to for new facilities.

The space available for construction is a very important
factor in the design of the facility. If the facility is to be built
in a new area, there will be few, if any, constraints on the
design. On the other hand,. if a machine is to be fitted into an
area in an existing building or an enclosed space, especially
if the new machine is to replace one of lower energy, major
constraints on the design and construction could exist. For
example, lead and steel instead of or in addition to concrete
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may have to be used in the construction of such facilities
because of space limitations. Additional shielding should be
placed on the outside of the room, if at all possible.

Probably the most important question to be answered in
shielding design is whether or not a maze can be installed in
the room. The advantage of a maze is that a relatively light-
weight door can be used at the entrance to the facility. If
once-scattered- or leakage-radiation can strike the door, the
door may have to be very heavy. Moreover, at high energies
where neutrons have to be taken in account, borated polyeth-
ylene or its equivalent should be added because lead will
have only a minor shielding effect on the neutrons. This in-
creases both the thickness and weight of the door which, as a
consequence, will be quite expensive. Such a massive door
has a longer opening time and will have the effect of increas-
ing the overall treatment times. This type of door must be of
a very conservative mechanical design to ensure against fail-
ure. To avoid the possibility of losing quick access to the
radiotherapy patient due to a door failure, a second mecha-
nism for entrance into the room should be provided. A
manual method for opening the door should be available at
all times. Another precaution is to have the operating system
of the door on the outside of the treatment room so that the
opening mechanism is accessible from the outside.

The optimal location and orientation of the machine
within the room takes into account constraints mentioned
above. In general, it is desired that the primary beam be
directed toward unoccupied or minimally occupied areas
(certainly not toward the control console). This selection pro-
cess is a very time consuming task if the calculations are
performed by hand. Recently, computer programs enabling
the user to optimize the room design have become available
for large computers as well as for personal computers
(pc’s). (Some of these programs can be obtained from the
AAPM Software Exchange Program.)

A safety feature not currently found in all radiotherapy
treatment rooms but might prove useful is a “search button.”
The function of this device is to ensure that only the patient
is present in the room while the beam is on. Its operation is
as follows: after the patient has been set up, the radiation
therapist, on leaving the room, presses the search button. If
the door is closed within a specified time period, say 20 s,
the machine can be turned on. However, if the door is opened
for any reason, the machine cannot be turned on without
entering the room and restarting the search procedure. The
search button needs to be strategically placed to ensure that
an effective search is automatically carried out during the
exit of the therapist from the room.

Another useful device for reducing exposures in occupi-
able areas outside the room, if the entrance to the treatment
door is recessed, is a photocell which will turn off the beam
if anyone approaches the door. Often, high exposure rates
can be measured at the door jambs and on the floor but at a
distance of a few feet these levels are generally considerably
lower. Some facilities have used barrier gates in order to
avoid inconvenient turning off of the machine through inat-
tentiveness.

Neutron shielding must be considered for all machines
with a maximum bremsstrahlung energy of 10 MV or
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greater. Neutrons are generated by the interaction of the high
energy x rays with high Z materials such as lead and tung-
sten located in the collimator head (with photon energy
thresholds as low as 5.7 MeV). The principal sources of neu-
trons are the target, the primary collimator, the flattening
filter, and the movable photon jaws. The neutron energy
spectrum is similar to a fission spectrum, with a most prob-
able energy of about 1 MeV. Such neutrons are not easily
absorbed by high Z materials. Concrete, because of its high
water content, is the most practical and least expensive
shielding material for neutrons. Where concrete is not appro-
priate (e.g., in doors) borated polyethylene should be substi-
tuted. In general, the neutron fluence in the primary x-ray
beam is approximately 2-3 times greater than the neutron
fluence outside the beam in the treatment plane. If concrete
barriers are designed to protect against photons, it may be
that these barriers will also provide adequate protection
against neutrons (although this should be verified by calcu-
lation). However, if lead or steel is used for shielding one
must add either concrete or borated polyethylene to allow for
proper neutron shielding. In the case of doors where photon
shielding materials are limited to lead or steel one must in-
clude borated polyethylene or an equivalent neutron shield-
ing material on the inside of the door preceding the lead or
steel on the outside. As noted above, this is a case where a
maze near the door becomes important in the room construc-
tion.

Simple formulas for the calculation of exposure at the end
of a maze can be found in NCRP Report #51 for x rays” and
NCRP Report #79 for neutrons.” For details of shielding air
ducts and electrical conduits, see NCRP Report #51.11A re-
cent review of shielding design considerations is available in
the 1990 AAPM summer school proceedings.‘”

B. Radiation protection survey

After the installation of a medical accelerator the radiation
levels outside the room in all accessible directions must be
measured using appropriate radiation survey meters. The
methodology of a radiation protection survey for photons is
fairly standard and has been discussed at length previously. A
good reference for this purpose is NCRP Report #51.11

For high energy machines with a nominal energy above
15 MeV, measurements should also be made of neutron leak-
age both inside and outside the room. A description of the
source of these neutrons is given in NCRP Report #79. 12

Methods for measuring neutron fluence and absorbed dose
rates may be found in the same publication and also in
AAPM Report #19.14 In general, an activation technique us-
ing phosphorous is recommended for measurements in the
primary beam with peak bremsstrahlung energy above 20
MV. For energies below 20 MV and inside the room the
phosphorous and moderated foil technique using either in-
dium or gold can be employed. The recent development of
superheated drop detectors for neutrons with low sensitivity
to photons makes them an attractive alternative to the previ-
ous methods.15-18
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C. Regulations on radiation protection

There are two regulatory and advisory bodies that deal
with radiotherapy equipment. Cobalt-60 teletherapy units
come under the jurisdiction of the Nuclear Regulatory Com-
mission (NRC). Safety aspects of linear accelerators are gov-
erned by the NCRP and by individual states (Suggested State
Regulations for Control of Radiation, SSRCR). The state’s
requirements are (in almost all instances) the same as those
recommended by the NCRP. However, there is a certain
amount of overlap between the various sets of regulations
and some regulations adopted by the NRC are applicable to
linear accelerators, as will be made clear below. Also, there
is a lag time until states adopt NCRP changes.

Recently, the NCRP (Report #91)19 has revised its recom-
mendations on the exposure limits to ionizing radiation for
radiation workers and the general public. As before, the ef-
fective dose equivalent limit for occupational exposure is
still 50 mSv/yr (5000 mrem/yr). However, two changes af-
fect shielding design. First, the annual effective dose equiva-
lent limit for continuous or frequent exposure for the general
public is now 1 mSv (100 mrem)/yr or 0.02 mSv (2 mrem)/
wk. This is a factor of 5 lower than required by prior stan-
dards. The second change is that the quality factor for neu-
trons has been increased from 10 to 20. This implies that, for
neutrons, the recommended limits for frequent public expo-
sure have been reduced by a factor of 5X2=10. Thus, for a
high energy accelerator one has to plan for a maximum dose
equivalent for x rays plus neutrons of 0.01 mSv (1 mrem)/wk
in areas occupied by the public. One of the regulations that
had been used in the previous design criteria for linear ac-
celerator facilities was the maximum permissible dose
equivalent of 0.02 mSv (2 mrem) in any 1 h, which was tied
in with the 0.1 mSv (10 mrem)/wk limit for the general pub-
lic. Now that the maximum permissible dose equivalent for
the public is 0.02 mSv (2 mrem)/wk, the old rule of less than
0.02 mSv (2 mrem) in any 1 h effectively has no relevance
now.

It should be noted that the shielding design should be
planned to provide radiation levels below the occupational
limits for controlled areas and below the nonoccupational
(for public) limits for noncontrolled areas.

The NRC requires that each cobalt facility possess or
have available for use a survey meter capable of detecting
exposure levels as low as 0.2 mR/h and as high as 1 R/h. The
NRC further requires that the calibration of these instruments
be checked at least once per year. We recommend that these
same rules be followed for linear accelerator facilities.

D. Engineering aspects for patient protection

Other protection issues relate to the safe and reliable op-
eration of the linear accelerator. In addition to radiation haz-
ards that have recently been documented,3-8 mechanical haz-
ards can also arise during normal operation of the machine.
Ideally, an in-house engineering staff dedicated to the main-
tenance of the linear accelerator would ensure the safe op-
eration of the unit. However, many hospitals may not be able
to justify the expense of such highly specialized personnel on
a full-time basis. In that case, a contract with the vendor or a
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service organization to carry out routine preventive mainte-
nance in addition to emergency repairs is necessary. This
code of practice recommends that a vendor-outlined preven-
tative maintenance program be carried out twice a year.

Ill. ACCEPTANCE TESTING

A. Overview

The acceptance of a radiotherapy accelerator requires a
qualified radiation oncology physicist to determine that all
applicable radiation safety standards are met or exceeded and
that the machine meets or exceeds the contractual specifica-
tions. Published descriptions of the acceptance testing and
quality assurance process1 , 2 0 - 2 9 must be extended to encom-
pass the new technology of computer-controlled machines.
Unlike their electromechanical predecessors, they are subject
to change due to software changes also. In essence every
software update produces a “new” machine. Each of these
machines must be subjected to an appropriate subset of ac-
ceptance test procedures (ATP). The present document will
therefore (1) summarize the testing requirements and the ap-
plicable methods and resources for the acceptance testing of
traditional electromechanically controlled accelerators and
(2) describe some extensions to the traditional procedures
necessitated by computer-controlled accelerators.

The acceptance testing process, as it relates to the speci-
fications, should be developed prior to purchase of the accel-
erator. Ideally, an institution should write a purchase order
that would clearly state the accelerator’s make, model, per-
formance specifications (mechanical, electrical, radiation,
safety interlocks, etc.) and a description of the means by
which the machine will be tested for adherence to those
specifications. This might be as straightforward as listing in
the purchase order: (1) a manufacturer, (2) a model, (3)
manufacturer’s specification document (by part number), and
(4) manufacturer’s ATP manual (by part number) in the pur-
chase order. However, in the event that the purchasing insti-
tution requires other than normal specifications for the ma-
chine (e.g., “tighter” mechanical specifications for a
machine to be used for stereotactic radiosurgery), the third
item above must be modified to reflect those tighter specifi-
cations. Similarly, if the purchasing institution wishes to re-
place, modify and/or extend the vendor’s ATP (e.g., adding a
series of interlock tests for a computer-controlled machine),
then the fourth item above must be modified to reflect the
intent. Care should be taken to assure that the parties are
using a consistent set of definitions for technical terms.22,23

-Clearly, significant input from a qualified radiation oncology
physicist is required prior to placing the order. In particular,
the physicist should review and formulate not only the ma-
chine’s specifications, but also an ATP for that machine prior
to writing the purchase order. In this process, the manufac-
turer’s experts should be considered as a resource. They
should be asked to submit their ATP documents for evalua-
tion. The physicist should decide whether the manufacturers
ATP documents are sufficient or whether additions are nec-
essary. Again, agreement to the specifics of the ATP prior to
purchase is essential. Although numerical values for accep-
tance criteria are a matter of agreement between the vendor
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and the purchaser, they must meet all nationally (and inter-
nationally) recognized minimum standards.21-23

Acceptance testing serves three purposes: (1) it provides
the mechanism by which the institution determines that it
received what it intended to purchase; (2) it assures the
safety of the patients and machine operators; and (3) it pro-
vides critical baseline data for future quality assurance re-
views. The reader is referred to the forthcoming report of
AAPM Task Group No. 35 (Ref. 29) for a detailed discussion
of accelerator safety. Often it is necessary and/or useful to
perform tests during acceptance that go beyond verifying the
contractual specifications. It is important to structure the ATP
so that any deficiencies that are discovered and rectified have
minimal impact on tests previously accomplished. Conse-
quently, once this structure. has been defined it is essential
that the tests be performed in the order specified.

It is important to note that it is the vendor’s responsibility
to prepare the machine fully for acceptance testing. After the
safety tasks cited in Sec. III B (below) are accomplished by
the physicist and installer, the installer should then complete
the machine’s installation. Definitive acceptance testing
should be done after the installer takes the accelerator
through a complete dry-run acceptance test on his/her own.
This sequential system may prolong installation and accep-
tance testing time in some cases.

It is in the interest of both the manufacturer’s representa-
tive(s) and the physicist(s) to work together to assure that the
accelerator meets its specifications. Measuring equipment
may be shared.

Many of the following subsections correspond to parts III,
IV, and V of the previously published 1975 code of practice
(‘75 CP) for x-ray linear accelerators.1 When the reader is
referred there for additional details, the specific subsections
will be designated as “(‘75 CP, subsection).”

B. Checking the treatment area

1. During installation

During the installation of the accelerator, the physicist
shall assure that the facility is properly prepared. This task
includes, but is not limited to: (1) installing proper radiation
warning signs; (2) providing appropriate in-service training
for those whose work involves the machine (e.g., pointing
out the location of the emergency off switches); (3) assuring
that appropriate warning lights are installed and are con-
nected to the machine’s console; (4) assuring that appropriate
audio and video equipment is installed (to provide for moni-
toring of the room during installation); (5) assuring that ap-
propriate door interlocks are in place and connected properly
to the machine’s interlock system(s); and (6) assuring that
emergency power failure illumination is installed or avail-
able (e.g., flashlights).

2. At first delivery of beam

As soon as the accelerator is capable of producing radia-
tion, several tests should be conducted to assure the safety of
all concerned. These tests should include, but are not limited
to: (1) validation of the proper operation of the door inter-
lock system(s); (2) validation of the proper operation of the
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emergency off switches; (3) a preliminary calibration of the
machine output in all modes; (4) a determination of radiation
exposure levels in areas occupied during these first beam-on
measurements; (5) a determination of radiation levels outside
the primary and secondary barriers under “worst case” con-
ditions for the highest energy x-ray mode (at the highest
available dose rate).

A full radiation safety survey will still have to be com-
pleted after a full calibration (see Sec. II above). The pre-
liminary survey is necessary to assure that as installation and
acceptance continue, the environment is safe for occupancy.

C. Initial checking of mechanical and radiation
systems

The following tests are best performed in the order pre-
sented here, as the validity of each subsequent test depends
upon the accelerator having passed the preceding test.

1. Alignment of collimator axis and collimator jaws

The adjustable collimator jaws at closure must maintain
symmetry about the collimator assembly (mechanical) axis
during rotation of the collimator assembly. This can be tested
with a mechanical front-pointer grasped by all four jaws and
extending the pointer toward the isocenter. Rotation of the
collimators will enable the end of the front-pointer to trace
out (on a sheet of paper at the isocenter) any misalignment
between the collimator axis and the closing faces of the jaws.
(‘75 CP, IV.A.)

If a front pointer is not provided by the manufacturer, one
can be easily fabricated and used. However, if clamping a
front pointer between the jaws is not advisable (for example,
in the case of independently driven jaws) or not possible (for
example, if there is a protective plastic cover preventing ac-
cess) then the checking of the collimator jaw symmetry can
be performed indirectly by ensuring symmetry of the light
field as described in the next section.

2. Collimator axis, light localizer axis, and cross
hai rs

The axes of the collimating system and the light field
must be congruent, within the specified tolerance over all
ranges of motion, for all mechanical systems. The image of
the cross hairs must project along this common axis. The
light field center is compared to the mechanical center deter-
mined above, the light field edges are determined to be sym-
metric about the center (and adjacent edges are determined to
be perpendicular to one another), and the cross hair location
is determined to lie on the mechanical axis. If any adjustment
is needed generally the light source position is adjusted to
obtain congruence of the light-field axis with the mechanical
axis before the cross hairs receive their final adjustment. (‘75
CP, IV.B.)

3. Light field and radiation field congruence and
coincidence

a. Light field and radiation field symmetry. Having veri-
fied that the light field axis and mechanical axis are congru-
ent, it is now necessary to verify that collimator jaws are
symmetric by exposing two films with collimators rotated
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180° between exposures. Next the congruence of the radia-
tion field axis with the light field axis is verified. This con-
gruence and symmetry must be verified over the full range of
both collimator and gantry positions. These tests are gener-
ally accomplished with a series of x-ray films (often “ready-
packed”) placed at the isocenter with the film plane perpen-
dicular to the light field axis. Marks placed on the films
denoting the light field center and edges are compared, after
exposure and development, with the radiation field center
and edges. The beam edge is usually defined as the line of
50%-of-central axis dose which is practically the same as the
line of 50%-of-central axis optical density of film used. The
full width at half maximum (FWHM) of the radiation field is
generally measured using optical density (OD) which there-
fore requires that the film’s OD be within the linear range (or
that the film’s dose response be independently determined).
(‘75 CP, IV.C.1.)

b. Light field, radiation field and field readout agreement,
and accuracy. It must be demonstrated that the light field
size and readouts for the collimator field size are in agree-
ment with the size of the radiation field over the full range of
collimator and gantry rotations. This is generally accom-
plished with film or with scanning dosimetry systems using a
water phantom. Determinations should be made over the full
range of field sizes and at different SSDs. The distances from
the center to edges should be equal for the light and radiation
fields and should agree with the values displayed on the
readout system(s). (‘75 CP, IV.C.2.) It should be verified that
the mechanical and digital readouts agree with each other.

4. Mechanical isocenter location

The location and size of the volume containing the iso-
center (the idealized intersection of the collimator, gantry,
and couch rotation axes) must be determined for the full
range of collimator, gantry, and couch rotations. Typically,
the specifications for the purchase of the accelerator will
state an upper limit for the radius of a sphere that contains
the “intersection” point for all machine orientations. For
clinical use, the isocenter is determined using the optical
system, which is accomplished by projecting the optical
cross hair image onto and beyond a variety of mechanical
jigs placed at the supposed isocenter. (‘75 CP, IV.D.)

If the manufacturer provides a “front pointer,” it should
be confirmed that it accurately points to the isocenter loca-
tion. Any additional distance marks on the front pointer can
be verified at this time.

The accuracy of the optical distance indicator at the iso-
centric distance must be verified. Verification of other dis-
tances can be accomplished during the couch readout tests.

If the machine has a beam stopper, the final stated volume
(3 axes) of the mechanical isocenter should be determined
with the beam stopper in its extreme positions (in/out).

5. Radiation isocenter location

Once the size of the bounding sphere for the mechanical
isocenter has been shown to be within specification, the lo-
cation and size of the radiation isocenter bounding sphere
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should be determined. These tests are generally executed
semi-independently for components of the accelerator that
can rotate.

a. With respect to the collimator axis. In a plane perpen-
dicular to the central axis, the radiation beam center should
remain within a circle of some specified diameter at isocenter
for the full range of collimator rotation. This circle should
also include the mechanical isocenter. This is generally dem-
onstrated with “star-shot” films, one film for the upper and
one film for the lower jaw. (‘75 CP, IV.E.l.)

b. With respect to the treatment table. In a plane perpen-
dicular to the central axis, the radiation beam center should
remain within a circle of some specified diameter at the iso-
center and within a plane for -the full range of rotation of
couch around the isocenter. This circle should also include
the mechanical isocenter. This is generally demonstrated
with a star-shot film on which the location of mechanical
isocenter can be pin-pricked utilizing the front pointer. (‘75
CP, IV.E.2.)

c. with respect to the gantry. The intersection of the
central rays of a series of beams, each directed from a dif-
ferent gantry angle, should lie within a circle of specified
diameter in a plane containing these central rays. This circle
should also include the mechanical isocenter. This is also
generally demonstrated with a star shot film. (‘75 CP,
IV.E.3.) One should also check the isocentricity of the gantry
in the direction parallel to the gantry axis of rotation.”

D. Other mechanical system tests

1. Patient support system

The couch must be tested to assure that: (1) its flex in both
longitudinal and lateral travel of the couch with and without
load is within specification and that the couch can lift the
specified maximum load; (2) the couch’s brakes are able to
lock in any position; (3) the vertical speed of the couch under
load is within specification; and (4) couch position readouts
are within stated accuracy.

This is often a convenient opportunity for verifying dis-
tances other than source-to-axis distance (SAD) on the front
pointer(s), and for verifying accuracy of the optical distance
indicator system. That is, their accuracy can be determined at
the time the couch vertical motion measurements are being
made.

2. Anticollision system(s)

Because of the wide variety of techniques used for anti-
collision devices, it is not possible to recommend specific
procedures. Depending on the quality and detail of the manu-
facturer’s ATP  document and the specifications agreed upon
in the purchase order, the physicist may have to devise ap-
propriate tests. The anticollision system(s) should be tested
over the full range of motion of the collimators, gantry, and
couch.

3. Beam modifier systems (electromechanical
a s p e c t s )

Because of the wide variety of mechanisms used for beam
modification, it is not possible to recommend specific proce-
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dures for all possible devices. Depending on the quality and
depth of the manufacturer’s ATP document (and the specifics
of the purchase order) the physicist should devise the tests
used to verify that the mechanisms perform as set forth in the
manufacturer’s specifications and the purchase order. The
physicist should verify that the devices mount as specified,
move as specified (range and speed), and that any associated
readouts are linear and accurate.

a. Electron applicators (cones). Generally, each electron
beam cone requires a particular setting of the accelerator’s
adjustable photon collimators, which may vary with electron
energies. The mechanisms for assuring the proper collimator
setting vary. It is, however, necessary to verify that electron
beams cannot be produced without the correct collimator set-
tings (within agreed upon tolerances) for each cone size/
electron energy combination.

4. Beam stopper (electromechanical aspects)

If the accelerator is equipped with a retractable beam stop
its drive mechanism should function over the full range of
gantry positions. The beam stop must meet its travel time
specifications. If a “pendulum” or other electromechanical
system is used to prevent beam-on for a range of gantry
positions, the physicist must demonstrate that those mecha-
nisms are functioning as specified. The maximum field size
interlock with beam stopper must be verified. Computer-
controlled interlocks will be discussed in Sec. III E2.

E. Console system tests

A radiotherapy accelerator may be controlled electrome-
chanically, or by computer, or by a combination of both
methods. Nevertheless, there are items that can be tested in a
similar way regardless of the type of control mechanisms. In
addition to the main console there may be auxiliary displays
and/or control stations. Acceptance tests should include these
peripheral devices. A “record and verify” (R&V) system
may be part of, or attached to, a console. The physicist must
verify the proper operation of that system and particularly
the interaction of the R&V system with the console (espe-
cially if the R&V system can be used to program the accel-
erator).

Computer-controlled accelerators pose special problems
for the physicist. Not only are several additional tests re-
quired during acceptance testing,26,29 but because software
can be changed or upgraded, appropriate acceptance testing
should be repeated when the manufacturer provides hard-
ware and/or software updates.

1. Mode selection

Operation of a multimodality accelerator must not permit
dangerous combinations of beam current, target, and filter for
photon and electron beams.8 The physicist must understand
the methods by which this is accomplished for his/her accel-
erator. Tests must be devised and run to demonstrate that the
control and safety systems are functioning properly. Such
tests should include simulations of possible “mistakes” of
any known kind.’ For a computer-controlled accelerator,
these tests should be repeated whenever a software update is
installed.
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2. Computer-controlled accelerator software
validation

The accuracy of software for a computer-controlled accel-
erator must be validated during acceptance testing. Any
changes to that software (for example, a manufacturer’s up-
date) can cause the accelerator to function differently than as
expected. The physicist must assure that the software cur-
rently provided by the manufacturer is the one that is in use.
Software updates must be subjected to an ATP.

During the software ATP, the physicist must assure that
the controlling software causes the accelerator to meet: (1)
its operational specifications; (2) its safety specifications; and
(3) its dosimetric specifications.

Lastly, the physicist should determine that there is a
mechanism for assuring day-by-day validity of the software
(e.g.. by observing that the manufacturer’s checksum rou-
tines function properly when the executable code is loaded
into RAM). (A checksum, in its simplest form, is a number
calculated by adding the contents of every byte of instruction
and data in a “program” regardless of how the contents of
that byte were intended to be used. It serves to demonstrate
constancy, i.e., that the program and the data have not
changed.)

a. Operational specifications. The manufacturer should
provide the physicist with a functional specification for the
accelerator’s operation. It then becomes the physicist’s re-
sponsibility to verify that the controlling software causes the
accelerator to operate according to the specification. For ex-
ample, the specifications might state that a password is re-
quired before the accelerator can be placed in a high-dose-
rate mode. The acceptance testing process should verify that
this is the case.

b. Safety specifications. Any safety related systems must
be tested over a reasonable range of test parameters. For
example, if the software determines collision possibilities ac-
cording to couch and gantry positions, then the manufacturer
should inform the physicist as to the function and structure
of the algorithm so that it can be verified during acceptance
testing. If, for example, the software monitors dose per pulse,
then the manufacturer should provide some means for vary-
ing the input to the control system (i.e., simulating an excess
dose per pulse) so that the software’s proper response to an
out-of-bounds value can be verified.

The manufacturer should provide information regarding
the checking of computer-controlled interlock systems, as
described in Sec. III G.

c. Dosimetric specifications. The proper operation of the
monitor unit integrators, the symmetry meters, the dose rate
circuits, etc. must be verified regardless whether or not they
are software controlled. If computer control for dosimetric
performance is involved, the manufacturer should provide
the physicist with details as to the algorithms or functional
specifications so that the system’s response can be verified.

If the accelerator is calibrated through software, i.e., the
number of cGy per monitor unit is adjusted by entering num-
bers at a keyboard, it should be assured that these calibration
factors are correct, properly “loaded” each time the accel-
erator is used, and secured from unintentional changes.

d. Validation of software. Manufacturers should provide
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a mechanism for validating system software prior to accel-
erator operation (for example, the system could calculate a
checksum of the executable image of the software and com-
pare the resulting value to an independently stored “correct”
value). The manufacturer should provide this safeguard so
that the physicist can observe and confirm its correct func-
tion.

e. Backups. Computer-controlled accelerators should in-
clude some system for backing up programs and data. A
physicist should verify that these backup systems work prop-
erly. This can be accomplished by doing a full (and partial
and/or incremental) backup followed by a full and partial
restoring of the software. Presumably, the manufacturer’s
software will include validation mechanisms (such as check-
sums on files) that can verify that the restored files and soft-
ware have not been corrupted by unintentional changes.

3. Readouts

All readouts (monitor units, collimator field size, optical
range finder, couch position, etc.) must meet their specifica-
tions for accuracy and linearity. Some of these tests can be
accomplished during the initial tests cited above. For ex-
ample, during the light field/radiation field coincidence de-
terminations (Sec. III C3), the collimator field size readouts
can be recorded for comparison with the measured light and
radiation field sizes. This and other readout tests should be
accomplished over the entire range of motion of the sub-
system in question. Care should be taken to demonstrate that
any auxiliary readouts authentically duplicate the primary
readout.

4. Record and verify systems

There are presently two broad classes of R&V systems:
(1) Those that simply maintain a record of the patient’s treat-
ment parameters; and (2) those that program the accelerator
as well as maintain a record of treatment. The physicist must
determine that the recorded treatment information agrees
with the actual values for all modes of operation. If the R&V
system is capable of programming the accelerator, the physi-
cist must determine that the accelerator is properly pro-
grammed for treatments within the range of possible combi-
nations of treatment parameters. Specific guidelines about
the necessary tests for these purposes are yet to be developed
by the AAPM.

F. Checking of radiation systems and beam
parameters

1. Beam output
a. Preliminary calibration. A preliminary calibration of

the beam output shall be performed using the methodology
of the “TG-21” protoco131-34 or IAEA protoco1.34,35 It is
often advisable to perform the accelerator calibration early in
the acceptance testing process, so that long-term stability of
the calibration may be tested. Final beam calibration should
be performed and verified independently before commission-
ing the machine as described in Sec. IV below.

b. Adjustability and range. The mechanism (trim-pot,
software, or “other”) for adjusting the number of cGy deliv-
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ered per monitor unit (MU) should have sufficient range.
This can be assured by varying the cGy/MU adjustment and
measuring the accelerator’s output.

c. Stability. The cGy/MU adjustment should be stable
over both the long and short term.““” Long-term stability
can be demonstrated by performing an output calibration as
early as possible in the acceptance test process, and by re-
peating that calibration daily during the acceptance testing
period. Short-term testing (over time scales of minutes,
hours, or days) can be accomplished at any time during ac-
ceptance testing. Stability testing should be done for all op-
erational modes.

d. Timer. The timer associated with the integrator sys-
tems must be accurate, linear, and capable of turning off the
radiation beam when the programmed amount of time has
passed. Generally, this can be  tested by running the the accelerra-
tor for a range of times, with the programming set to cause
termination of beam on time rather than dose, while compar-
ing the duration of the run with the time recorded by a stop-
watch. (‘75 CP, IV.F.)

2. Monitor characteristics
a. Linearity and end effect. The behavior of the monitor

system with respect to integrated dose should be checked.
This can be accomplished by measuring the accelerator’s
output for programmed doses covering the full range of MU
settings. That is, the accelerator’s output should be deter-
mined for MU settings of, e.g., 10, 20, 50, 100 200,.., and
the result plotted versus MU set. In some accelerators MU
settings below 10 go through port filming circuits rather than
treatment circuits. For such machines, linearity check for less
than 10 MU can lead to problems and only MU greater than
10 should be used, as it is appropriate for the treatment. A
linear regression analysis will show any significant deviation
from linearity, and the intercept on the abscissa from this
regression will provide the monitor system’s end effect. 3 6

Alternatively, the end effect can be determined by the “two
exposure method."37 When comparing linear regression and
two exposure method it should be noted that a negative in-
tercept is the same as a positive alpha, i.e., negative intercept
of 0.1 MU means the same as a positive alpha of 0.1 MU. To
perform the linearity check one must ensure that the ion
chamber system used is linear. It should be noted that the end
error correction is generally small for modern accelerators
and may be positive or negative.38

b. Dose rate accuracy. The console/monitor system
should assure that the actual dose rate (in MU/unit-time) is
within the specified tolerance of the programmed value. This
can generally be determined with an independent timer.

c. Dose rate dependence. Some single, low energy ma-
chines operate on a single dose rate. However, many
computer-controlled multimodality machines offer several
dose rates. For such machines the behavior of the monitor
system with respect to dose rate should be determined. This
can be accomplished by measuring the accelerator’s output
for programmed dose rates covering the full range of MU/
unit-time settings.

d. Constancy of output with gantry position. It should be
demonstrated that the accelerator’s output is not significantly
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affected by gantry position. This can be accomplished by a
series of in-air measurements (with appropriate buildup cap)
of the machine’s output for various gantry angles.

e. Monitor chamber seal integrity. If the accelerator is
equipped with a sealed monitor chamber system it is neces-
sary to monitor the accelerator’s output(s) versus ambient
pressure and temperature. Any indication that the accelera-
tor’s output(s) are tracking the room pressure and tempera-
ture variations is cause for questioning the integrity of the
monitor chamber’s seal.

f: Pressure and temperature compensation. If the accel-
erator is equipped with an unsealed monitor chamber that has
an automatic pressure and temperature compensation system,
it must be demonstrated that the compensation is correct and
stable. This will again involve tracking the accelerator’s out-
put versus ambient pressure and temperature.

g. Collection efficiency. The monitor chamber’s coiiec-
tion efficiency should be high enough so that no significant
deviation from the accelerator’s calibration occurs at even
the highest dose rates used. If control of the high voltage
applied to the monitor chamber is accessible, the collection
efficiency can be directly determined, if so desired.39 The
latter, however, is not necessary if dose per monitor unit has
been verified for all available dose rates on the machine.

If the accelerator compensates, perhaps in software, for a
known ion collection efficiency at high dose rates, the physi-
cist should verify that the algorithm and its implementation
is correct (see Dose rate dependence, Sec. III F 2 c above).

h. Backup counteer. Proper operation of the MU counter
designed to preserve a record of monitor units delivered prior
to a power failure should be verified.

3. F/a tness

Flatness can be specified as a maximum permissible per-
centage variation from the average dose across the central
80% of the full width at half maximum (FWHM) of the
profile in a plane transverse to the beam axis. That is, the
flatness F is given by

(1)

where M and m are the maximum and minimum dose values
in the central 80% of the profile.

Flatness is usually specified for one or more field sizes,
for a particular depth in a phantom, and for several gantry
angles. Some manufacturers also specify flatness along the
diagonals of the beam(s). In addition to specifying flatness at
a depth (e.g., 10 cm), it is also advisable to have specification
at d m a x.

Generally, flatness is measured in a water phantom with a
dosimetry scanning system. Alternatively, film may be used.
(‘75 CP, 1V.G.) While manufacturers generally specify flat-
ness for the two transverse directions along each of the col-
limator motions, it is recommended that the physicist check
flatness for major planes (i.e., in-plane, cross-plane,
diagonal-plane, etc.) that contain the collimator axis. This is
most easily accomplished by (film or water phantom) scan-
ning in a plane perpendicular to the collimator axis (at depths
of dmax and 10 cm) with the subsequent display of isodose
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lines. This “contour map” of dose in the perpendicular plane
will alert the physicist to any flatness deviations.,

4. X-ray off-axis ratios morns”)

Some manufacturers specify the maximum dose along a
cross beam profile relative to dose on the central axis for the
maximum field size at the depth of maximum dose on the
central axis dmax. The confirming measurement is most eas-
ily accomplished with a water phantom scanning system.
While manufacturers generally specify horns for the two
transverse directions along each of the collimator motions it
is recommended that the physicist check in all major planes
that contain the collimator axis. This is most easily accom-
plished by (film or water phantom) scanning in a plane per-
pendicular to the collimator axis (at depths of dmax) with the
subsequent display of isodose lines This contour map of
dose in the perpendicular plane will alert the physicist to any
excessive horns. It should be noted that IEC has suggested
limits on off-axis ratios (horns).22,23 Also, the NACP protocol
recommends that the uniformity index (defined as the ratio of
the area enclosed by the 90% contour to that by 50% contour
in a reference plane) be greater than 0.80.

5. Symmetry

The data obtained above can be used for the determina-
tion of beam symmetry. The definition of beam symmetry
should be agreed upon prior to purchase as it varies from
manufacturer to manufacturer. Symmetry is often defined as
a maximum permissible percentage deviation of the “left-
side” dose from the “right-side” dose of a beam profile often
at 80% of the FWHM points.

Symmetry is usually specified for both transverse direc-
tions, each along the direction of collimator motion, for sev-
eral field sizes, for a particular depth in a phantom, and for
several gantry angles. Some manufacturers will also specify
symmetry along the diagonals of the beam(s).

Generally, symmetry is measured using a water phantom
scanning system. Many of the current computer-controlled
scanning systems provide software to determine symmetry
using a wide variety of methods. The accuracy of such soft-
ware should be checked. Alternatively, film may be used for
these measurements. (‘75 CP, IV.G.) If the accelerator’s sym-
metry meter is demonstrated to be accurate, it can easily be
used to measure symmetry at various gantry angles. While
manufacturers generally specify symmetry in two directions
only, it is recommended that the physicist check symmetry
for all major planes that contain the collimator axis. This is
most easily accomplished by (film or water phantom) scan-
ning in a plane perpendicular to the collimator axis (at depths
of dmax and 10 cm) with the subsequent display of isodose
lines. This contour map of dose in the perpendicular plane
will alert the physicist to any excessive asymmetries.

6. Penumbra

The penumbra, generally defined as the lateral distance
between the 80% and 20% of maximum dose points on one
side of a beam profile, must be within specification (if any).
The data for this determination are usually part of the data
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acquired for the flatness and symmetry checks. As is the case
for those checks, measurements should be made in both
transverse directions and for a variety of field sizes. If ion-
ization chambers are used for determination of penumbra,
allowance should be made for the finite size of the
probes.40-42 Film is a better detector for this task. The film
scanning system should not spread out a block edge by more
than a quarter of the minimum expected penumbra.

7. Energy of x-ray beams (dmax and % depth dose)

X-ray beam energy can be specified in terms of depth of
d max and percent depth dose at another depth for a 10X10 cm
field. For example, a nominal 18 MV beam may be specified
as having d m a x at 3.3±0.2 cm and a % depth dose of
80%±1.0% at 10.0 cm depth in water. The physicist must
assure that all x-ray beams have the appropriate percent
depth dose for those field sizes for which specifications exist.
Usually the manufacturer’s specifications of the nominal en-
ergy are not consistent and cannot be verified easily. These
measurements are most easily carried using a water phantom
scanning system.

8. Collimator transmission

The physicist must verify that transmission of the x-ray
beam through the adjustable collimators is no greater than
the specified value. This measurement should be made inde-
pendently for the upper and lower jaws. The measurement
can be made by reference to the maximum in-phantom dose
on the central axis of the largest field, and by placing an
ionization chamber with appropriate buildup in the shadow
of one set of jaws, with one set of jaws open and one set
closed. Stem (and cable) effects should be accounted for
when taking the reference measurement at large field sizes.

9. Energy of electron beams (% depth ionization)

Electron beam energy can be specified in terms of the
depth of 80% and 50% depth ionization (both distal to the
depth of maximum dose, d max) for a 10X10 cm field. For
example, a nominal 12 MeV electron beam may be specified
as having a depth of 80% of max at 3.8±0.1 cm and a depth
of 50% of max at a depth of 5.2 cm. The physicist must
verify that all electron beams meet the specifications. These
measurements are most easily carried out in a water phantom
scanning system. If a cylindrical ionization chamber is used,
then a chamber displacement correction must be made to the
point of measurement.

10. X-ray contamination

The data acquired in Sec. III F9 above can be used for
this determination if the percent depth ionization curves are
carried to sufficient depth. Then, it must be assured that the
x-ray contamination of each electron beam is within the
specified limits. For example, this specification may take the
form that, in a water phantom at a depth of 10 cm beyond the
practical range, the ionization shall be less than some speci-
fied percent of the maximum. It should be noted that there
are differing definitions of x-ray contamination be-
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tween vendors. The exact definition and measurement
method needs to be agreed upon prior to purchase.

11. Rotation and arc therapy using photons
a. Dose per unit angle. It must be demonstrated that the

programmed dose per unit angle is independent of the size of
arc and the particular start and end points of arc and the total
dose. These measurements can generally be accomplished by
mounting a chamber with appropriate buildup cap at the iso-
center coaxially with the axis of rotation and performing a
series of arc irradiations around the chamber.

b. Arc termination. It must be demonstrated that the ac-
celerator stops at the proper angle and that the cessation is
due to either delivery of the programmed total dose or arrival
at the stop angle. The physicist should verify that both (or
any other manufacturer supplied) mechanisms for arc termi-
nation are operating as specified. Additionally, if the accel-
erator stops “on-angle, ” the delivered dose should be within
the specified bounds of the programmed dose. Conversely, if
the accelerator stops “on-dose,” the extent of rotation should
be within the specified bounds of the programmed arc. These
determinations can generally be made during the dose mea-
surements described above by monitoring the dose integrator
and stop-angle readouts at the console, providing that their
accuracy, repeatability, etc. have already been verified.

12. Beam modifying devices
a. Wedges. Usually there are wedges for angles of nomi-

nally 15°, 30°, 45°, and 60°. For each wedge angle, there are
usually two identical wedges for opposite directions (toe-in
and toe-out; toe-left and toe-right). Mechanical play in the
slide direction is bound to develop over time. Its influence on
the wedge factor can be eliminated by mounting wedges per-
pendicular to the slide direction. It is necessary to demon-
strate that the wedge attenuation factor (see Sec. IV C2 for
details) is correct for any insertion direction (or for any
wedge if different physical wedges are used for the different
insertion direction). Ideally, this would be assured by the use
of a point-detector located on the beam’s central axis. Prac-
tically, cylindrical detectors are often used and must be ori-
ented so that their longitudinal axis is perpendicular to the
slope of the wedge and parallel to the mounting tray. Fur-
thermore, the detector’s sensitive volume must be placed on
the beam’s central axis. That the radiation detector is on the
collimator rotation axis can be checked by rotating the col-
limator 180° with a 45° wedge in place. If the reading varies
by more than l%, the chamber should be moved until this
tolerance level is observed. This test should be done at sev-
eral gantry orientations. A change in the wedge attenuation
factor could indicate lack of consistency in the wedge-tray
positioning in the accessory mount. Wedge transmission fac-
tors need to be measured for several field sizes and depths.

Wedges must also be tested to assure that whatever
mechanism is used to prevent jaw settings larger than the
wedge size functions properly. The nature of this test is de-
pendent on the particular mechanism in use and to some
extent on whether the wedge is mounted on an opaque or
transparent carrier.
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b. Asymmetric jaws. It must be demonstrated that the
jaws move properly; that the readouts are accurate; and that
congruence of light field and radiation field is maintained
through the full range of motion of the jaws (including any
axis crossing). Tests to demonstrate these qualities should be
run for a range of gantry and collimator positions. Otherwise,
the tests are similar to those already described.

c. Moving jaw wedges. For those accelerators capable of
simulating the presence of a wedge with a programmed
movement of a collimator jaw, the physicist must verify that
the resultant dose distributions are reproducible and reason-
able facsimiles of those that would be expected of a “real”
wedge. Tests should include dose distribution measurements
for a range of gantry and collimator positions. Furthermore,
the long-term reproducibility of the dose distributions pro-
duced by the moving jaw wedge system should be demon-
strated.

d. Beam stopper. It must be verified that the transmission
through the beam stopper is as specified. It must further be
verified that the accelerator will not run unless the beam stop
is extended for specified gantry angle zones. These tests are
not necessary if the shielding walls have adequate thickness
to reduce radiation levels outside the room to an acceptable
value.

13. lsodose (isoionization) curves

Sample isodose curves for x rays (including some with
wedges) and isoionization curves for electrons should be ob-
tained to demonstrate that the accelerator is meeting its iso-
dose (isoionization) specifications. Sample curves should be
available from the manufacturer. These measurements are
generally made with a water phantom scanning system. Film
dosimetry is a viable option for these measurements.

14. Surface Dose

It must be assured that the “surface” (or “skin” or “en-
trance”) dose value(s) meet the specifications. This determi-
nation assures that beam contamination is within acceptable
limits. These measurements are usually accomplished with
plane-parallel ionization chambers or TLDs. For surface dose
measurements, the plane parallel chambers need a correction
factor that can be determined using an extrapolation
chamber. 43 Extrapolation chambers are particularly well
suited to this task and are the gold-standard for this purpose.
The differences in skin dose from solid versus pattern-drilled
versus “hollow” block trays should be evaluated before use.

G. Checking interlock systems

The accelerator’s interlock system(s) must be thoroughly
checked. The acceptance testing procedure should contain
the method by which each interlock shall be tested. Attention
should be paid to the hierarchy of control as specified by the
manufacturer’s operating manual. In older accelerators the
interlock circuitry is often composed of microswitches and
relays. It is relatively easy to understand and test these cir-
cuits. In somewhat more modern accelerators, digital circuits
(but not necessarily computers) are used in the interlock sys-
tems. For example, on some accelerators, binary coded deci-
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ma1 (BCD) parallel signals from plugs on wedges have to
match those from console switches during programming and
operation. Again, it is relatively easy to understand and test
these circuits. In many modern accelerators, computers (and
hence software algorithms) interact with or control the inter-
lock system(s). Generally, the software is proprietary and not
available for inspection. This is not unreasonable as it pre-
serves trade secrets, and in any case the source code listings
would be of little use to the majority of physicists (it would
take considerable effort by a specialist to fully understand
the software control logic). It is therefore very difficult to
understand the internal structure of, and to test, these
hardware/software interlock systems. Nevertheless, it is nec-
essary in order to assure patient and operator safety. 26,29

A testing method that works for computer-controlled ac-
celerators has been described26,29 and is summarized here. In
order to test the interlocks, the physicist will require the in-
terlock system(s) functional specifications from the accelera-
tor’s manufacturer. These should clearly detail each interlock
in terms of the fault detection sensor, method of comparison
(hardware, software, or both), trip conditions, and desired
result. For example, a monitor chamber power supply inter-
lock might be described as voltage detection at circuit board
7 pin 14; comparison of digitized voltage to range of allowed
values by software; interlock tripped if the absolute value of
voltage is less than 500 V, if interlock is tripped the accel-
erator shall not be capable of producing beam and if the
beam is already on, the accelerator shall shut down. With this
type of functional specification in hand, it becomes possible
for the physicist and the manufacturer’s representative to test
the systems without having to know additional (internal) de-
tails. For the example cited above, they could test the inter-
lock by “reducing” the voltage at the sensing point. It should
be emphasized that simulation of a fault should be accom-
plished as close as possible to the sensor, and that interlock
system(s) testing should be done in the same operational
mode(s) as are used to treat patients.

Clearly, it would be advantageous to all if the manufac-
turers provided instructions and materials for function testing
of interlock system(s) in their ATP. Physicists can assure the
availability of these resources by including them as a re-
quirement in the purchase order. The continuing need for
these resources is apparent when one considers that any
software-controlled machine should be, to some degree, re-
accepted (including all interlock testing) whenever a soft-
ware update is installed.

H. Multileaf collimators

As multileaf collimators differ in design from accelerator
to accelerator, a detailed description of their acceptance test-
ing is necessarily beyond the scope of this document. Nev-
ertheless the physicist must assure that a multileaf collimat-
ing system meets specifications and all applicable regulatory
requirements. Items that must be tested include but are not
limited to: (1) actual leaf positions versus programmed leaf
positions for each leaf; (2) time to reach position (a critical
parameter for dynamic conformal therapy); (3) radiation
leakage through the leafs: (4) radiation leakage between the
leafs; and (5) beam contamination (caused by scattering from
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the leafs). Many of these tests must be repeated at several
gantry angles to assure that the changes in mechanical
stresses at different angles do not cause the system to func-
tion outside of its specifications.

I. Checking ancillary equipment

Any significant ancillary equipment or software pur-
chased with an accelerator should be acceptance tested to
assure that it meets specifications. Such items include patient
positioning lasers, electron beam mold kits, high dose rate
therapy software (as an option to the computer control sys-
tem), etc. Test procedures for each of these items, and any
other items offered by the manufacturer, should be part of the
ATP  document provided by the manufacturer. If not, the
physicist should devise suitable tests.

J. Summary of acceptance testing

Defining the ATP  in detail should be considered a part of
the accelerator selection and purchase process. The manufac-
turer should be asked to submit its ATP  documents along
with its accelerator-specification data sheets for consider-
ation. These documents should be reviewed for complete-
ness, agreement on the definition of terms by the IEC22,23 and
suitability to the institution’s needs. If the manufacturer’s
ATP documents (and materials) are incomplete, the purchas-
ing institution should add whatever is felt to be necessary to
the purchase order. These efforts, undertaken early in the
purchase negotiations, can save considerable time and effort
in acceptance testing.

IV. COMMISSIONING

A. Overview of commissioning a radiotherapy
accelerator

A satisfactorily completed acceptance test simply assures
that the accelerator and its associated systems satisfy all per-
formance specifications and pertinent safety requirements.
Good radiotherapy also requires the ability to determine ac-
curately the absorbed dose at any point of interest in the
patient. Therefore, it is necessary to have the ability to per-
form treatment planning, which is the process of selecting
the appropriate radiation modality and treatment technique
for individual patients. Specifically, it refers to the geometric
and physical parameters needed to deliver the prescribed
dose and dose distribution to the target volume. After suc-
cessful acceptance testing, additional data are needed to en-
able proper planning and delivery of radiation treatment us-
ing an accelerator. A comprehensive set of beam data must
be acquired and entered into the radiotherapy treatment plan-
ning (RTP) system. “Commissioning” refers to the process
whereby the needed machine-specific beam data are acquired
and operational procedures are defined. It includes but is not
limited to: (1) beam data acquisition; (2) entry of beam data
into an RTP system and testing of its accuracy; (3) develop-
ment of operational procedures; and (4) training of all con-
cerned with the operation of the new accelerator.

Generally, there is a great pressure to initiate clinical
treatments as soon as the acceptance testing has been com-
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pleted. Rushing into clinical implementation without com-
pleting the tasks described in this section can potentially
cause harm to the patients. Therefore, an appropriate time
must be scheduled for the proper commissioning of a radio-
therapy accelerator. The length of time needed depends on
many factors, such as availability and experience of person-
nel and proper instrumentation and type of accelerator. If
proper instrumentation, in particular a scanning water phan-
tom system, is available, a single energy photon machine can
be commissioned in about 2-4 weeks, depending on equip-
ment and personnel. The physicist with less sophisticated
equipment may need more time for commissioning. On the
other hand, a multimodality accelerator with two photon en-
ergies and several electron energies can take about 6-8
weeks of intensive effort (requiring 16-h shifts) to commis-
sion if the clinical needs require  a faster schedule then more
personnel should be hired and/or overtime work shifts should
be planned. Partial commissioning, say of one photon en-
ergy, is another option that is not optimum and is therefore
discouraged. It may also be possible to commission the ac-
celerator for simple procedure first, such as the use of pho-
tons only. We strongly recommend that the commissioning
process should be carefully planned and executed because it
is vitally important for the safe and efficacious implementa-
tion of radiation treatment. It involves not only beam data
collection but developing the means for proper planning and
delivery of treatments using the new accelerator. The clinical
implementation of a radiotherapy accelerator mandates the
use of a dedicated computerized treatment planning system.
Modem medical imaging techniques such as CT, MRI, and
digitized x-ray films allow highly detailed target localization
in three dimensions. State-of-the-art radiation treatment plan-
ning systems, therefore, should account for the three-
dimensional aspect as well. It should enable interactive visu-
alization of treatment techniques and relative distributions of
dose associated with a proposed beam configuration and
anatomy. Detailed recommendations in regard to the selec-
tion of a treatment planning system are beyond the scope of
the present report. It is necessary, however, to be aware that
any computerized treatment planning system requires a con-
siderable amount of input data characterizing the radiation
beams, the patient, and the treatment technique. The nature
and volume of these data depend on the underlying dose
calculation models and associated algorithms. Each modality
and beam energy requires its own set of characteristic data.
In general, the sets of characteristic data necessary for com-
missioning these systems are different from one treatment
planning system to another. It is therefore mandatory when
commissioning a machine for clinical use to acquire all the
data needed by the RTP system to be used and to test the
accuracy of this data set.

For the purposes of commissioning, one is mostly inter-
ested in relative measurements: depth ionization or dose
curves, cross beam profiles, and isodose plots. Dosimetry
measurements for acquiring beam data are best performed in
water using appropriate radiation detectors. The essential
features required of any measuring device are:

(1) sufficient sensitivity;
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(2) stability;
(3) negligible leakage;
(4) energy independence;
(5) sufficient spatial resolution, and
(6) linearity.

The most convenient equipment for this type of measure-
ment is an automatic radiation field scanning system. Typi-
cally, it consists of a large water tank and an automated field
scanning support mechanism that can transport a measuring
probe with great accuracy and precision. Generally automatic
field scanning and isodose tracking are possible in the three
principal planes. The measurements can be performed with a
pair of small ion chambers or diodes, the signal from one of
the pair, mounted at a fixed position in the beam, serving as
a reference. Using the automatic radiation field scanning do-
simetry systems in scanning electron (or photon) beams re-
quires the use of signal integrating methods with integration
times that are long relative to the field sweeping time. Alter-
natively, film dosimetry can be used in the case of scanning
electron/photon beams.

Before clinical implementation of radiation treatments us-
ing an accelerator, it is essential to develop a method(s) for
the determination of monitor units necessary to deliver a
given dose at a reference point in the patient. It should be
possible to manually calculate the monitor units necessary
for simple treatments as well as to calculate monitor units
necessary to execute a particular treatment plan developed
using a computerized RTP system. At all times it must be
possible to calculate, manually, the dose at some critical
points such as a reference point at or near the center of the
target, at points at or near the edge of the target, and at points
in critical normal tissues. There are several approaches to the
determination of monitor units necessary to deliver a given
dose at a reference point in the patient. For a description of
some of them, see the methods described by Johns and
Cunningham, 44 Khan,45 Van de Geijn,46,47 and Purdy.48 The
AAPM Radiation Therapy Committee has formed a new task
group (No. 49) to develop guidelines for the determination of
monitor units to deliver a given dose using one or more
beams of photons or electrons comprising a specific radiation
treatment.49

The physicist should also figure out in advance of beam
data acquisition how the institution is going to use single/
double asymmetric jaws as well as multileaf collimators.
Specific AAPM guidelines on asymmetric jaws are being
developed by AAPM Task Group 52.

Finally, as a part of commissioning, a series of check
measurements needs to be done to verify all data used in the
calculation of dose for both electron and photon fields. The
measurement of the dose in clinical field arrangements that
includes all devices should be done to verify the treatment
planning computer calculations and hand calculations.

B. Dosimetry calibration

The accelerator should be calibrated according to the
methodology of the AAPM 1983 protocol31-34 (also known
as the TG-21 protocol) or the IAEA 1987 protocol. 34,35 Cali-
bration refers to the relationship between dose (cGy) and
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monitor units (MU) at one particular depth, for a specific
field size at a given value of source-to-surface and source-
to-chamber distances. It is also advisable to obtain an inde-
pendent check on the calibration of beam output from a new
accelerator. This can be accomplished by using the mailed
TLD service for both photons and electrons from the Radia-
tion Dosimetry Services at the University of Texas Medical
Center or the mailed Fricke dosimetry service for electrons
from NIST.50

It should also be noted that the 1983 AAPM protocol for
dosimetry calibration of high energy photon and electron
beams has been extended by AAPM Task Group No. 39 to
address the special problems arising from the use of plane-
parallel ionization chambers.51,52 Also, the 1983 AAPM pro-
tocol in its entirety is being reviewed by a new AAPM task
group,53 No. 51, which is likely to present its recommenda-
tions in about 4 years from the date of publication of this
document.

C. Commissioning photon beams

One of the most important tasks in commissioning photon
beams is selecting a method for dose calculations and then
collecting the necessary beam data. Conventional manual
treatment planning makes use of two basic ingredients: cen-
tral ray depth dose data for square or rectangular beams and
isodose charts. The central axis data may be in the form of
percentage depth doses (PDD) for standard SSDs or tissue
air ratios (TAR), or tissue maximum ratios (TMR) or tissue
phantom ratios (TPR). While PDD data are applicable to the
SSD used in measurements, the TAR, TMR, and TPR data
can be used for variable SSD techniques. For a recent review
of clinical photon beam dosimetry, readers are referred to a
review by J. Purdy at the 1990 AAPM Summer School.48

Also, the report of the newly formed AAPM Task Group 46
to tabulate accelerator-produced photon beam data would
serve as a useful guide for checking the beam data.54

The accuracy of computerized radiation treatment plan-
ning (RTP) systems for photon beams can be verified using
the data provided by AAPM Task Group 23, which has re-
cently established a set of reference data for photon beams
from a particular linear accelerator, including test cases that
are complete enough to enable extraction of characteristic
input data for most available treatment planning systems.55

This data set is primarily intended to serve as a test set to
verify the performance of a treatment planning system for
photon beams and should not be used in lieu of the actual
beam data for the accelerator to be commissioned. AAPM
Task Group 23 report is also a good overview of the kind of
input data that might be needed for commissioning, the kind
of equipment involved in their acquisition and the kind of
test cases needed for quality assurance of a computerized
treatment planning system for photons. In any case, the treat-
ment planning system data should be modified such that the
resultant isodose curves match the measured data.

Considering the many new types of questions that must be
addressed in the clinical implementation of asymmetric col-
limators for photon radiation therapy, the AAPM has also
formed a new task group (52) to address the dosimetric as-
pects of asymmetric collimators.56
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In the following subsections, the beam data necessary for
square and rectangular x-ray fields, open and wedged, are
described. This is followed by a more detailed description of
dosimetry for blocked photon beams.

1. Square and rectangular photon beams

The following are needed for the calculation of the num-
ber of monitor units required to deliver a prescribed absorbed
dose at a point at a given depth along the central ray of a
square or rectangular beam in a unit density medium:

(1) tables and/or graphs of percentage depth dose and/or tis-
sue air ratios and/or tissue phantom ratios, for all square
fields with suitable increments in dimensions;

(2) a table of “equivalent square fields:”
(3) a table of output factors in air and in phantom;
(4) correction factors for changes in PDD for nonstandard

SSDs;
(5) peak scatter factors;
(6) tray and wedge correction factors.

For the manual calculation of absorbed dose at an off-axis
point, the following additional data are necessary:

(1) isodose charts (for constant SSD) for square fields, with
suitable increments in field size;

(2) isodose charts (for constant SSD) for a selection of elon-
gated fields, and/or suitable rules to convert charts for
square fields to the desired rectangular field:

(3) a method to correct for oblique incidence,

Measurements of PDD are usually taken for square fields
of sides 4,5,6,8,10,12,15,20 and at further increments of
5 cm up to the largest setting. Field sizes are generally ex-
pressed in cm at the isocentric distance. Isodose charts are
usually taken for the same square fields, and normalized at
the d m a x

on the central ray. These measurements are best
taken in water using a scanning dosimetry system.

2. Wedged photon beams

Strictly, “wedge filters” are designed and applied to tilt
the isodose lines, in one of the two principal directions, over
a specified angle, while leaving the isodoses in the other
direction essentially unchanged. The nominal angulations
(“wedge angles”) by which the wedges are indicated refer to
the angle between the wedged isodose curve and the open
beam isodose curve at a specified depth for a specified field
size. Usually the chosen depth is 10 cm and the field size is
10X10 cm. The wedge angle changes very slowly with field
size, but appreciably with depth, depending on the photon
energy. The central axis depth dose data for wedged fields
must be acquired because spectral changes in beam will
cause a slight change in depth dose, particularly for large
wedges such as 45° or 60°. Also, isodose curves must be
measured for all wedged fields with a suitable increment for
field size, usually 5 cm.

The wedge factor is defined as the ratio of the absorbed
dose at a specified depth (some use d max and others use 10
cm), measured in the standard geometry with the wedge in
place, to the absorbed dose in the same geometry without the
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wedge. The dependence upon both field size and depth 57,58

should be checked to see if a single factor is appropriate.
In most current designs there are two wedge positions for

each wedge angle: one for each of two opposite directions
(toe-in and toe-out). In some cases, wedges in the orthogonal
direction are also available (toe-left and toe-right). Most of-
ten, the “zero direction” of the wedge slides is across the
“zero direction” of the couch. For all wedges, it is important
to perform frequent checks on:

(1)
(2)

(3)

mechanical play in the direction of the wedge slope;
the reliability of the locking mechanism securing the
wedge in place; and
any difference in the output between the toe-in and toe-
out positions or between the toe-left and toe-right posi-
tions.

If the maximum difference between the two or four wedge
orientations is 1% or less, one may use a single averaged
factor for all wedge orientations for a given field size and
depth. Furthermore, if the maximum variation of the
orientation-averaged values with depth and field size is 1%
or less, a single overall wedge factor can be used.

It should be noted that some machines generate different
wedge angles by mixing a 60°-wedged field and an open
field with appropriate weights.

Recently, the ability to generate wedged fields using a
moving collimator jaw during treatment (dynamic wedge)
has become available. The task group considered a discus-
sion of dynamic wedge beyond the scope of this document
and refers the reader to the recent literature.59-62

3. Beam-shaping blocks for photons

Beam-shaping blocks are widely used to conform the ba-
sic rectangular field shape to the beam’s eye view of the
target volume. Its purpose is to function as auxiliary dia-
phragms, providing as much shielding of normal tissue as is
reasonably possible, generally about 5%. In practice, the lim-
iting conditions for blocks are their weight and thickness.
The cross-sectional shape of shielding blocks is usually de-
termined from the contours drawn on simulator x-ray films.
Due to magnification, the actual size and shape of the cross
section of a block is smaller than that shown in the simulator
films. Customized blocks are cast from a high-density, low
melting point alloy in Styrofoam forms, cut by a standard hot
wire technique. The hot wire mimics a ray from the center of
the source, tracing the prescribed contour on the x-ray film.
Thus, the blocks are “focussed,” which maximizes their ef-
fectiveness across their cross section by minimizing oblique
transmission through the edges of the blocks. Nevertheless,
in analogy to the penumbra of a regular field, there is a
geometric as well as a physical penumbra effect around the
edge of a shadow field produced by beam-shaping blocks.

The thickness of shielding blocks is a compromise be-
tween the desirability of a low transmission through the
block and practical considerations of block size and weight.
It should be noted that additional block thickness does not
influence the amount of scatter received from the residual
parent field (the unblocked portion of the original field). The
effective transmission for a block is determined by the pri-
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mary radiation component transmitted through the block and
the scatter component from the collimators and the patient.
This total scatter component, and therefore the effective
transmission factor, depends both on the size of the parent
field (i.e., the open field), including the effect of other
blocks, the size of the shadow field and to some extent on its
position in the parent field. Together, these considerations
generally lead to a standard thickness of 4 to 5 half-value
layers, or a “nominal” transmission factor, i.e., a reduction
factor of the primary component of about 5%. Obviously, for
a small shadow field in a large parent field the effective
transmission can be considerably higher than the nominal
transmission factor for the block.

For a parent (i.e., open) field, equivalent square c X c, the
block transmission factor (BTF) at depth d, for a centrally
placed shadow (i.e., blocked) field, equivalent square sXs
can be given in terms of the respective tissue-air-ratios
(TAR), at a depth d, by:46,47,63

where T is the nominal transmission factor, TAR,(d) is the
tissue-air-ratio at depth d for (blocked) equivalent field sXs;
and TAR,(d) is the tissue-air-ratio at depth d for (open)
equivalent field, c X c.

In the case of multiple blocks, c X c should be taken as the
equivalent square parent field with all blocks in place except
the one presently considered. The present calculation method
applies along the center line of the shadow field situated
essentially within the “flat” part of the parent field. In the
case of a laterally placed block, centered at some distance
from the central ray, the off-center ratios of both the parent
beam and shadow beam need to be taken into account.

Despite the common clinical application of shielding
blocks, this subject has not been treated rigorously in most
treatment planning systems. One approach is to simulate
blocking by using negatively weighted beams and another is
to employ a modified external contour in the treatment plan-
ning process.64 Various commercially available treatment
planning systems offer their own algorithms, often based on
separation of primary and scattered radiation and subsequent
Clarkson integration of scatter. These algorithms do not take
into adequate account the penumbra around shadow fields.
Size of penumbra governs the geometric margin between the
optical shadow and the edge of effective shielding, which
might be defined, for instance, as the line at which the effec-
tive attenuation is 90% of that at the center line of the
shadow field; in other words, the 90% decrement line of
effective attenuation. A simple calculational method that ac-
counts for penumbra effects produced by shadow blocks is
briefly described below.46,47,63

(1) Measure central axis depth dose distributions in a num-
ber of clinically representative fields, in standard geom-
etry, with and without centrally placed shielding blocks
of standard thickness, casting shadow fields of various
clinically representative sizes. These measurements are

instructive as to the mutual influence of parent field size
and shadow field size on the effective attenuation versus
the nominal attenuation.

(2) For the same geometric conditions, measure dose profile
across the field, with and without the same blocks, at
several depths. The full width at half maximum
(FWHM) of the shadow profile should be equal to the
projection of the block at that depth position. Let the full
width at 90% of maximum shadow profile depth (FW90)
be the width of acceptable effective shielding. For a
given depth the margins, i.e. (FWHM-FW90), are, for
practical purposes, independent of the parent field/
shadow (i.e., open field/blocked field) field configura-
tion. Also, the behavior of (FWHM-FW90) as a function
of depth is primarily governed by simple geometry.
These geometric properties should guide the radiation
oncologist in prescribing the block contour on the plan-
ning film.

The above observations regarding the relationship be-
tween parent field and shadow field in determining the re-
sulting dose distribution apply universally. Still, the special
case of shielding small areas such as the lens of an eye de-
serve special attention because of the narrow tolerances re-
quired both in dose level and dose distribution across the
lens.65

It should also be noted that the output on the central axis
of radiation can be affected by the presence of blocks even if
the blocks do not project a shadow on the central axis.

D. Commissioning stationary electron beams

An extensive update on clinical dosimetry with electron
beams was presented recently in the AAPM Task Group No.
25 Report on “Clinical Electron Dosimetry” (1990).66 This
report was, “primarily to fill the needs of a hospital physicist
in the utilization of clinical electron beams of 5-25 MeV. Its
scope has been restricted to (i) dosimetry measurement tech-
niques and procedures for acquiring the basic information
that is necessary for treatment planning and the acceptance
testing of a new electron accelerator and (ii) the utilization of
dosimetry data for the determination of monitor units. Prin-
ciples of collimation and its influence on the patient dose are
discussed for shields both external and internal to the patient,
and the report states in an elementary manner the effect of
tissue inhomogeneities on the dose distribution. Each section
includes the procedure recommended by the task group for
the performance measurements and calculations, the reasons
for that choice, and a supporting bibliography.” In the
present context attention will be limited to a listing of the
basic data and methodology needed to use electron beams for
actual patient treatment. For details the reader is referred to
the Task Group No. 25 report.

Dose distributions in an electron field depend strongly on
the design and construction of the collimating system, which
may consist of a set of square field applicators (“cones”)
providing basic square fields, or variable-jaw diaphragms
providing continuously variable square and rectangular
fields. In both cases, in the interest of sharp field definition
and field flatness, the standard distance between diaphragm
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and entry surface position (the “air gap”) is usually small:
on the order of 5 cm. Also, customized field shaping is very
common in electron beam therapy. Because of these collima-
tion systems and shields, it is usually necessary to treat some
patients on slightly extended SSD to accommodate the
cones. Although the electron beam is usually incident upon a
flat skin surface, it is sometimes necessary to irradiate pa-
tients with electron beams entering the patient skin at an
oblique angle. All of these variations in treatment conditions
affect dose distributions produced in the patient. In addition,
dose distributions produced by electron beams can be dras-
tically affected by the presence of tissue heterogeneities in
the irradiated volume. Although all of the above mentioned
effects must be taken into account in clinical electron beam
dosimetry, we recommend the following factors to be essen-
tial before releasing an accelerator for electron beam therapy:

(1) calibration of beam output;
(2) central-axis depth dose curves in water;
(3) isodose charts in water;
(4) cross beam profiles in water;
(5) output factors;
(6) corrections for field shaping; and
(7) corrections for air gap.

The remaining issues dealing with effects of oblique inci-
dence, patient contour, and tissue heterogeneities can be con-
sidered later, as needed.

Practical clinical electron dosimetry depends largely on
calculational procedures to determine two- and three-
dimensional distributions using computerized RTP systems.
The potential users of any such system must pay close atten-
tion to its implications as to measuring equipment, data
preparation, and verification of the dose calculation system
before commissioning the accelerator for electron beams.
Generally, commissioning electron beams needs much more
time and effort than commissioning photons.

1. Dosimetry data for electron beams

With each cone, there is an optimum photon beam colli-
mator setting recommended by the manufacturer for opti-
mum electron beam characteristics, and the latest machines
are automatically set for the optimum configurations. For
commissioning electron beams it is necessary to measure the
following beam characteristics for each cone separately:

(1) output factor;
(2) central axis depth dose curves;
(3) isodose charts; and
(4) cross beam profiles.

In the case of continuously variable diaphragms, it is rec-
ommended that the above mentioned beam characteristics be
measured for an array of square fields of suitable sizes: at
small increments with small fields, at larger increments for
field sizes larger than the practical electron range.

These measurements should include all available electron
energies and a series of elongated rectangular fields of sizes
representative of clinically realistic shaped fields. The result-
ing information should be kept, in suitable graphic and tabu-
lar form, for clinical use.
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Methods for determination of dose in electron beam Using
ionization chambers, film, TLD, and diodes have been pre-
sented in the Task Group No. 25 report.66 This report pre-
sents the data necessary for relative depth dose measure-
ments not only in water but also in nonwater phantoms such
as clear polystyrene, high-impact polystyrene, PMMA, and
Solid Water. Thus, it is possible to measure dose distribution
in these nonwater phantoms and subsequently convert these
measurements to dosimetry in water using the Task Group
No. 25 recommendations.66

Dosimetry parameters depend strongly upon electron en-
ergy that must be specified for each clinical electron beam.
Task Group No. 25 defines Ep,0, the most probable energy at
phantom surface which is derived from the practical range,
Rp, in water. It also defines the mean electron energy at the
surface, E 0, that is proportional to the depth of 50% ioniza-
tion or dose, R 50. As the electron beam penetrates the phan-
tom the mean electron energy at depth d, Ed decreases lin-
early with depth, reaching a near zero value at a depth equal
to the practical range, Rp.

The energy parameters Ep, 0, E 0, and Ed as well as range
parameters Rp and R 50 are useful for treatment planning. All
of these parameters must be extracted from a direct measure-
ment of a depth ionization or depth dose curve for every
electron beam energy before releasing the machine for clini-
cal use. From the same data, surface dose and x-ray contami-
nation of each electron beam field should be determined.
Also, the field size dependence of central axis depth dose
should be evaluated as a function of electron beam energies.
For each electron energy the size of electron field, below
which loss of lateral electronic equilibrium influences the
depth dose, should be determined.

From the isodose charts, the size of penumbra and its
dependence on depth should be evaluated for each electron
field. Guidelines about the field size necessary to cover a
given target size should be developed, taking into account
the constriction of isodose curves at shallower depths and
their bulging at larger depths.

2. Field shaping for electrons

In clinical practice, most stationary electron fields are
shaped by customized diaphragms cast in low melting-point
alloy inserts placed in the regular cones. Often such odd-
shaped, elongated and narrow fields are designed to “boost”
the dose to superficial areas involving surgical scars in the
wider target area. Both output and central ray depth dose
distributions in the electron field may be significantly differ-
ent from the open cone values.67,68 For small field sizes, film
dosimetry has been used effectively to obtain both output
and central-axis dose distribution.69,70 Equivalent square
rules for irregularly shaped electron fields are different from
those for photon beams.71 Both the output factor and depth
dose distribution are dependent on in-depth and lateral elec-
tron equilibrium.“’ As a safe rule of thumb, lateral buildup
requires about one-half the dimension of the practical
range.“” Thus for fields where both dimensions are larger
than the practical range, Rp, there will be lateral electron
buildup, and d max can be expected to be at its normal large-
field depth. Conversely, if in a shaped electron field, the
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smallest cross beam dimension becomes smaller than the
practical range, the lateral as well as depth dose profile may
be affected. In such cases individual measurements are nec-
essary.

To determine the thickness of shielding material necessary
for shaping fields, transmission curves through the shielding
material for various electron energies should be measured.
Such measurements in broad beams provide an upper limit to
the shielding requirement for all field sizes. For internal
shields such as eye shields, where minimum thickness is re-
quired, transmission measurements should be made specifi-
cally for the given field size and the depth of the structure to
be shielded. Typical values of minimum thickness of lead
needed for shielding electron beams can be obtained from
the Task Group No. 25 report.

In the case of internal shielding it is also necessary to
determine the contribution of electrons backscattered by the
shield. This is particularly important for lower electron ener-
gies and shields made of higher atomic number materials.
Again, the Task Group No. 25 report provides guidance on
this matter.66

3. Corrections for air gap or extended SSD

Electron beam therapy is usually given at a standard SSD
with the patient skin surface at the isocenter for isocentri-
tally mounted accelerators. If, for whatever reason, treatment
needs to be given at other distances, corrections need to be
made for changes in beam output as well as dose distribu-
tion. It is useful to create a library of typical isodose charts
for some representative distributions, as well as central axis
and cross beam dose/ionization profiles. Due to the changing
collimator-skin geometry, both the surface (skin) dose and
the buildup to the maximum depth dose may change relative
to those for the standard distance.72,73 Also, beam flatness
and penumbra are sensitive to the air gap size. The output
factor requires inverse square correction relative to the effec-
tive source position. The latter should be derived from output
measurements at several central ray positions, or from the
values of the FWHM at various distances, using the isocenter
as the reference position.74

The methods that can be useful in making these correc-
tions for air gap or extended SSD have been described in
detail by Task Group No. 25 in its recent report.66

4. Effects of oblique incidence and tissue
heterogenei t ies

The electron beam dosimetry data discussed in the above
subsections applies only to electron beams normally incident
on water or water-equivalent homogeneous media with flat
surfaces. In actual practice, the patient surface is usually
curved and the patient has a considerable amount of tissue
heterogeneities. If it is necessary to consider the effects of
oblique incidence, patient contour, and tissue heterogeneities,
many additional factors also need to be considered. For ex-
ample, it is necessary to consider changes in electron scatter-
ing, beam penetration, and interface effects. Details about the
effects of curved surfaces, oblique incidence, and tissue het-
erogeneities have been presented in the Task Group No. 25
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report6 6 Because of the evolving nature of this complex
problem, its complete solution is not possible or is necessary
for commissioning an electron beam. However, it is useful to
make a few simple checks on the effects of oblique inci-
dence. For example, the cross beam profile at a depth close
to the surface for some angles of oblique incidence are in-
structive because a much narrower air gap may occur on one
side of the beam than on the central axis air gap. With a
narrow gap a “horn” may appear around the geometric edge
of the field,67 with a narrower than normal penumbra. On the
other side of the obliquely incident beam, with the wider air
gap, the profile may show a considerably rounded shoulder
and a much wider penumbra.

V. COMMISSIONING OF SPECIAL PROCEDURES

A. Overview

The number of special procedures and new applications
continues to grow as technology continues to provide a wider
range of beam energies and more accurate, rapid and versa-
tile control of treatment parameters. In this section, a number
of now well-established special procedures are described.
Because of their evolving nature, other important special
procedures such as dynamic conformal therapy are omitted.
The special procedures described here have all been subjects
of interest to various AAPM task groups and the reader is
referred to their reports for details. Only a brief discussion of
these procedures, some of which are single treatment regi-
mens with very little tolerance for error, is presented here for
the sake of completeness.

B. Total and half body photon irradiation

A detailed discussion of total body and half body photon
irradiation is contained in AAPM Report No. 17 (Ref. 75)
and a recent review was presented at the 1990 AAPM Sum-
mer School.76

Total body irradiation (TBI) has historically been associ-
ated with dedicated facilities specifically designed to provide
large treatment fields.77 Most modern facilities, however, use
standard radiotherapy accelerators and achieve the large
treatment fields for TBI or half body irradiation (HBI) by
using either extended distances or moving beam techniques.
These large fields and extended treatment distances require
special consideration. The inverse square relationship which
is valid in the vicinity of isocenter may not accurately predict
the decrease in beam intensity at distances of 300 to 400 cm.
This will then lead to errors in converting dosimetric quan-
tities, such as percent depth dose and output, to the extended
reference point. There may also be a change in photon spec-
trum between the small and large fields resulting in a corre-
sponding change in mass energy absorption coefficient. At
depth, the large fields also have an increased proportion of
scatter as compared with smaller fields.78 All data used at
these extended SSDs should be carefully verified.

The large fields utilized in TBI also require large phan-
toms to provide full scatter for dosimetry measurements.
Factors which correct for the loss of scatter if the phantom is
not large enough to intercept the full beam have been re-
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ported by Podgorsak79 and Van Dyk.80 If compensation is
required, special broad beam attenuation data should be
used.81

C. Total skin electron irradiation

An extensive discussion of treatment options, dosimetry
techniques, instrumentation, and the consideration of various
patient parameters is given in the AAPM Report No. 23 en-
titled “Total Skin Electron Therapy: Technique and
Dosimetry"82 and a recent review presented at the 1990
AAPM Summer School.83 Only a brief discussion is pre-
sented below.

The treatment of diseases such as cutaneous T-cell lym-
phoma often involves the treatment of the entire body sur-
face to a depth of at most 1 cm. The use of total skin electron
therapy can often provide an effective dose to these tissues.
Acceptable treatment techniques must provide for large treat-
ment fields, adequate penetration, sufficient dose rate, field
uniformity, low x-ray background and procedures to evaluate
and boost underdosed regions as well as to shield high dose
regions of sensitive tissues. The most common technique
employs six angulated beams of low energy electrons (4-10
MeV) at extended source to surface distances of approxi-
mately 3 m. The minimum necessary field size is 200 cm in
height and 80 cm in width at the patient plane. It is common
to employ six dual fields (12 fields) to cover the entire skin
when extended SSD availablility is limited.

Increased beam currents are often necessary to maintain
the desired dose rate at these extended sources. While the
increased load on the accelerating structure falls well below
the level used for x-ray production, a careful evaluation of
the dosimetry system must be carried out. The linearity of
the monitor chambers and their associated electronics must
be verified. Also, collection efficiency of monitor ion cham-
bers should be checked. Film and TLD dosimetry can be
helpful in obtaining dose contribution due to multiple
fields. 84 Consideration should also be given to the additional
load placed upon other accelerator components by the in-
creased dose rate necessary for total skin irradiation.

The six dual field technique poses significant dosimetric
challenges.82 These include single beam calibration, the de-
termination of the shift in percent depth dose and maximum
dose resulting from the oblique entry of adjacent beams, the
determination of the average surface dose, evaluation field
uniformity over an electron field size of 80X200 cm and
measuring the photon background which will penetrate past
the prescribed treatment depth and be cumulative for all
fields treated. For details, the reader is referred to AAPM
Report No. 23.82

D. Electron arc therapy

Single electron field treatment of shallow targets extend-
ing over large body contours can result in significant dose
inhomogeneities in the target volume. These inhomogeneities
become more pronounced when the surface contour contains
slopes of 30° or more. If such targets are treated with several
smaller fields, a choice between increased or decreased dose
along the lines of field abutment must be made. An alterna-

Medical Physics, Vol. 21, No. 7, July 1994

tive treatment technique using arcing electron beams can
provide a more uniform dose throughout the target region.
Electron arc therapy is, however, a difficult technique to ex-
ecute, having many unique problems to overcome, including
generation of accurate treatment plans and computation of
M U / d e g  v a l u e s .

To shape the electron fields properly and to compensate
for dose inhomogeneities, three levels of collimation are re-
quired; primary x-ray collimation, secondary collimation for
electron slit shaping and tertiary collimation on patient skin.
The setting of the x-ray jaws must take the electron dose as
well as the x-ray background into account.85-87 The tertiary
collimators are used not only to confine the electron beam
but also to provide a means of compensating for the increase
in output with a decrease in radius of curvature. 85,88-90 The
fourth level of collimation, which is placed in contact with
the patient’s surface, restricts the beam to the target volume
and sharpens the penumbra.85,91

The therapeutic range of the effective beam achieved by
electron arc therapy is greater than for the same beam used in
a static mode. This is accompanied by a decrease in surface
dose92-92 which usually dictates the need for bolus. As a
result of the constant focus of the beam at an isocentric
point, x-ray doses approaching 4% for a 6 MeV beam to 26%
for an 18 MeV beam have been reported93’95

The output for electron arc therapy has been defined as
“the maximum dose per monitor unit in a cylindrical water
phantom on central axis which is the axis passing through
isocenter and bisecting the arc in the central plane of
rotation.“*’ For a given treatment, the dose per monitor unit,
radius of curvature of the skin surface, tertiary collimator
width, depth of dose maximum source to axis distance,
source to surface distance, as well as beam energy must be
carefully considered in treatment planning.

The dose measurement technique for arc electron beams
has been reported by several investigators.85-101 Leavitt has
provided a recent review of the electron arc therapy tech-
nique at the 1990 AAPM Summer School,101 and the AAPM
Task Group No. 37 has detailed recommendations on elec-
tron arc therapy.102

E. lntraoperative radiotherapy

Intraoperative radiotherapy (IORT) is a multidisciplinary
procedure which combines two conventional methods of
cancer treatment, namely, surgery and radiation therapy. The
purpose is to deliver a large single dose to the surgically
exposed tumor bed while minimizing dose to normal
tissues.103,104 In the U.S. IORT is generally an adjuvant
therapy, i.e., that it is given as a boost after conventional,
fractionated radiotherapy.

One of the unique features of IORT is the requirement to
deliver the radiation into a sterile operating field. Another is
the wide range of technical and physical information neces-
sary at the time of the procedure. For each available energy,
the isodose distribution as well as the relative output for each
cone must be known and readily available to the medical
team in the operating room. The effects of field shaping with
lead sheets must also be well understood and documented.
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While orthovoltage units have been used for IORT,105 the
most frequently used treatment modality is the electron beam
from a linear accelerator. The use of special sterile cones,
which the surgeon and the radiation oncologist insert and
secure in place during surgery, is necessary. Each cone must
be designed to enable the physician to view the area defined
by the end of the cones. Cones usually encompass rectangu-
lar and circular shapes with various beveled angles. The
change in percent depth dose associated with these cones as
compared to routine electron applicators has been
documented”” but must be measured for an institution’s
cones. The variation of therapeutic range along the central
axis of the beam versus that perpendicular to the end of a
beveled applicator has also been discussed.72,106 The design,
shape, and size of each cone affects its depth dose, x-ray
contamination, dose output calibration, flatness and symme-
try, leakage through the. cone walls and shape of the dose
distribution.104

Cone systems usually contain two sections. The distal
portion, which is aligned in the patient and the mating sec-
tion, which is secured to the linear accelerator. Cone designs
can be broken down into two types: docking103,106-110 and
nondocking. 104,111,112 The wide range of cone shapes and
sizes as well as the electron energies used in operation have
been documented.113 For both docking types, care must be
taken to shield against leakage both at the points of cone
connection and through the cone wall. While leaded acrylic
wall thickness of 3 mm has been reported as effective against
leakage, 113 several reports recommend acrylic wall thick-
nesses of approximately 6 mm (1/4").103,104 For either dock-
ing type the distal and proximal ends of the cone must be
brought into alignment. Because of limited motion of a treat-
ment head on isocentrically mounted gantries on modern ac-
celerators, special IORT tables are often necessary.103

As with any electron applicator, any material placed in the
path of the electron beam, such as a thin mylar window to
isolate the accelerator from the patient, will affect the cone
calibration.113

Most adjustments to flatness and symmetry are affected
by varying the x-ray jaw settings.103,107,110 An alternative ap-
proach is to introduce a steel ring onto the inner surface at
the lower edge of the beam that protrudes onto the beam.
This helps to reduce the dose at the edge of the field, allow-
ing for better homogeneity across the cone’s opening.l04

The dosimetric data for IORT include the basic param-
eters of routine electron beam therapy. These include photon
collimator setting, applicator cone ratio, central axis percent
depth dose, surface dose and buildup, x-ray contamination,
and cross-field behavior. The added concerns of dose verifi-
cation and the effects of any field shaping must be taken into
account. A discussion of the necessary dosimetric measure-
ments is given in the 1986 AAPM Summer School”” and the
1990 AAPM Summer School proceedings.114 Also, a task
group (No. 48) of the AAPM is currently developing guide-
lines for IORT.115

F. Stereotactic radiosurgery

The term stereotactic radiosurgery denotes an external
beam technique which utilizes high precision localization
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and delivers a large dose in a single fraction for the treatment
of intracranial targets. The intent of the treatment is to cause
necrosis in the target volume using radiation. More recently,
this technique has been extended to treat tumors using mul-
tiple fractions and doses used in radiotherapy. Execution of
the stereotactic procedure involves the use of an extra-cranial
reference system which has been fixed relative to the pa-
tient’s anatomy. Many of the stereotactic frames fix directly
to the skull by means of pins or anchor posts116,117 employed
where repeat fixation is required.“’ Several new stereotactic
frames have recently been suggested, which are located rela-
tive to the bony anatomy and are acceptable for repeat appli-
cation, thus allowing fractionated therapy.119,120

Each stereotactic reference system has associated acces-
sories for angiography, computed tomography and magnetic
resonance imaging. These localization systems allow the po-
sition of an intracranial target to be calculated relative to the
reference coordinates of the stereotactic fixation frame. The
localization devices superimpose reference points onto the
diagnostic images. This allows the position of any point in
the image to be calculated relative to the stereotactic refer-
ence frame.121,122

After target localization has been accomplished, the appli-
cation of either noncoplanar arcs or multiple stationary
beams is planned. The multiarc techniques allow high dose
gradients to be obtained in all directions around the target
volume. Typical beam diameters range from 4 to 40 mm.
Most common target diameters for the treatment of arterio-
venous malformations are found to be between 24 and 30
mm.1 2 3 For targets which depart from spherical geometry,
multiple isocentric plans may provide the best therapeutic
ratio. More recently, conformal therapy has been suggested
for those targets that significantly depart from spherical
geometry. 124

The overall accuracy is a combination of treatment accu-
racy and localization accuracy. For vascular targets, the pri-
mary imaging modality is biplanar angiography. While an-
giography will allow the reconstruction of a single point to a
precision of less than 0.1 mm, the errors inherent in clinical
delineation of target size and shape can lead to errors in the
estimation of target boundaries in excess of 5 mm. For CT
and MR localization, scan diameters on the order or 30-35
cm are often required to image the anatomy and stereotactic
localizer frame. For 512X512 pixel images, this results in an
individual pixel dimension on the order of 0.7 mm with rou-
tine slice thicknesses of 1.5 to 5.0 mm.

The accuracy achievable in “delivering” the treatment de-
pends upon the gantry isocentricity and patient rotational ac-
curacies for accelerator-based systems. The careful docu-
mentation of all potential errors throughout an individual
system will allow their simulation with a treatment planning
system and the subsequent determination of the margin nec-
essary to guarantee target coverage in spite of the uncertain-
ties.

Stereotactic radiosurgery has ‘five qualities which distin-
guish it from more routine treatment techniques. These are:
(1) determination of the target volume cannot be done using
routine therapeutic simulation techniques; (2) three-
dimensional treatment planning is always necessary in this
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procedure; (3) more stringent isocenter criteria for gantry and
patient motions are required; (4) small beam sizes are uti-
lized; and (5) the treatment is often delivered in a single
fraction. For more stringent requirements on the accuracy
and relative novelty of stereotactic radiosurgery, we present a
more detailed discussion of this technique in the following
subsections.

1. Linearity of localization images

For diagnostic imaging, spatial resolution and linearity are
often sacrificed in exchange for increased contrast. An ex-
ample of tradeoff is digital angiography of vascular targets.
The gains in image definition in this digital angiographic
procedure usually are at the expense of spatial linearity
within the entire field of view. For magnetic resonance im-
ages. local field perturbations can result in local spatial errors
within the reconstructed image. Variations in spatial accuracy
of MR images may also depend upon the plane of
reconstruction. 125 To avoid these errors, careful analysis of
all imaging modalities to be used with the procedure must be
carried out and spatial correction must be applied.

Some localizing systems use data not contained within the
image, such as CT couch position and gantry angle, or re-
quire precise alignment, such as image orthogonality for bi-
planar angiography. When these systems are used, the diag-
nostic imaging equipment must be subjected to the same
basic quality assurance program as the therapy equipment.
For an angiographic localizer, accuracy of orthogonality and
spacing of fiducial points as well as projected source posi-
tions must be assured for each procedure. For CT and MR
localizers, similar checks on integrity of the localizer should
also be incorporated into the image acquisition algorithms.
Aside from utilizing redundant information, known phantom
target points can be placed into each image. The algorithm
can then reconstruct this target as an internal consistency
check.

2. Treatment planning

To achieve the desired steep dose gradients, it is essential
to use multiple beams from different directions toward the
target. Usually it is necessary to use many noncoplanar beam
paths. To evaluate dose distributions produced by such a
complex three-dimensional configuration of beams, proper
planning systems must be capable of true three-dimensional
computations. The display of the dose distribution in axial,
coronal, and sagittal planes is not only desirable, but neces-
sary to arrive at the most appropriate treatment plan.

The patient data set needed for treatment planning in-
cludes the images used for target localization and a set of
scans, most commonly axial, which extend through target
regions and which include all surfaces through which beams
will enter. The system should allow the display of the dose
distributions anywhere within the skull. While dose delivered
at a volume far away from the target region may be small, it
is important to evaluate the entire irradiated volume if for no
other reason than to inspect for inadvertently overlapping
beams. The planning system must also be able to compute
the dose along finely spaced grids. Dose gradients on the
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order of 10% per millimeter are not uncommon. A 1X1 mm
grid, or smaller, in the vicinity of these high dose gradients is
considered essential.

Because most commercial treatment planning systems do
not fully support this procedure, locally developed systems
are commonplace. If these systems are to be employed, ad-
herence to good QA testing must be strictly enforced. The
only computer code which should be used for patient treat-
ment is a fully-tested code. If the code is altered, even to
correct an error, the code must be fully tested again. Because
of the complex nature of the localization and treatment pro-
cedure even large errors in localization and dose computation
can go unnoticed.

As in any treatment planning process, one of the primary
tasks of planning a radiosurgical treatment is to avoid critical
normal tissues. It is therefore very important for the radiation
oncologist and the neurosurgeon to be able to identify all
areas of intracranial function during the planning process.
This can lead to technical difficulties if the planning process
depends upon distinctly contouring each area of silent and
nonsilent brain function since many areas are not separated
by distinct tissue planes. While the contouring can yield
valuable surface-rendered views it has been suggested that
this approach compresses, and at times deletes, very valuable
information which is available in the original CT and MRI
images. 126,127 It has been suggested, by the same authors, that
during the planning process reformatted CT and MR imaging
should always be available. This will ensure that the infor-
mation which is compressed or deleted during the contouring
process is available during plan evaluation.

3. Dosimetry

One of the most difficult areas of the stereotactic radio-
surgical procedure is the ability to measure the absolute dose
as well as the relative dose distributions from the small fields
employed. Small volume ion chambers, diodes, thermolumi-
nescent dosimeters, and film have all been used for both
relative and absolute dosimetry.128-136 The beam diameter is
usually smaller than the sensitive volume of a standard
Farmer type ion chamber. Ion chamber measurement of these
small beams and steep dose gradients often suffer from lack
of lateral equilibrium and chamber volume effects. Tech-
niques for correcting these errors have been reported.137 Due
to the general uncertainty and difficulty in these measure-
ments, measured data should be verified using two or more
dosimetric methods.

4. Treatment unit

Several patient alignment systems for accelerator-based
units have been developed. These include systems involving
multiple stationary gantry positions, patient rotations,127 arc-
ing gantry, multiple fixed patient rotational positions, dy-
namic gantry, and patient movements.127,132,137-140 A com-
parison of these techniques has also been reported.141

Most systems employ tertiary collimators to provide
steeper dose gradients. This places the final collimation at
approximately 30 cm from the isocenter. The close proximity
of the collimator system coupled with the complex motion
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used in treatment presents a larger potential for collimator/
patient collisions than conventional accelerators. Therefore,
particular attention should be taken to assure the safety of
patients from the risk of collisions, especially for computer-
controlled accelerators.

5. Quality assurance of stereotactic radiation
treatment

It is essential that in any of the above systems a compre-
hensive quality assurance procedure defines the alignment of
the apparatus throughout the potential therapeutic volume. If,
for example, the defined stereotactic volume in which a tar-
get may be positioned is 10X10X15 cm3, then the accuracy
throughout this entire matrix should be thoroughly tested. If
the unit is disassembled and reassembled between uses, a
procedures to validate the correct realignment should be ex-
ecuted prior to patient treatment. One of the first techniques
suggested for measurement of an accelerator-based system’s
overall accuracy involves the placement of a small spherical
target at the isocenter. Portal films are taken, using the treat-
ment beam, at gantry and patient orientations which are rep-
resentative of the range of motion used in treatment. The
movement of the target relative to the beam edges provides a
measure of the total accuracy of the beam delivery system. If
the procedure is repeated at a set of isocentric coordinates
through the potential therapeutic volume, an overall assess-
ment of beam accuracy can be established. By placing the
target at the isocentric coordinates to be used for a specific
patient, the overall accuracy of an individual treatment can
be measured. It is recommended that this or an equivalent
test should precede each treatment. This not only validates
the reassembly and alignment of the stereotactic radiosurgery
treatment system but can also ensure the correct setting of
the system for an individual patient treatment,

Since most stereotactic radiosurgery procedures involve
single (or very few) treatment events, a system of double
checks at each phase of data entry and treatment setup should
be employed. This procedure should incorporate different in-
dividuals to minimize human error. A review of stereotactic
radiosurgery is available in the 1990 AAPM summer school
proceedings142 and an AAPM Task Group (No. 42) is almost
ready to present its recommendations on this matter.143

VI. QUALITY ASSURANCE PROGRAMS

A. Overview

Several quality assurance programs20,21,25,27,28 are needed
to ensure the safe and efficacious application of radiation for
treatment of cancer. Major components of the quality assur-
ance programs deal with radiation protection of personnel
and patients, safe maintenance and operation of the accelera-
tor and accuracy of dose delivery to the correct target vol-
ume. These programs are described below.

B. Radiation protection of personnel and patients

Film badges are required for all personnel who work fre-
quently in the vicinity of radiotherapy accelerators. This list
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includes, but is not limited to, radiation therapists, physicists,
physicians, dosimetrists, accelerator maintenance personnel,
nurses, and aides. An additional film badge should be placed
in the vicinity of the console to monitor the exposure at that
locality.

Daily, monthly, and annual radiation protection checks
need to be carried out on both the machine and the facility.
Checks on the machine include beam stopper interlock (if
appropriate). Checks on the facility include the door inter-
locks (and search button, if one exists). Some of these checks
have already been described in Sec. II.

C. Safe maintenance and operation of machine

A physicist must be responsible for accelerator opera-
tional issues such as safety, security, maintenance, QA, train-
ing, etc. In many cases, a physicist will coordinate these
activities with other groups (security, biomedical engineer-
ing, etc.) in the hospital and/or clinic. Some of these activi-
ties are illustrated below.

1. Safety

Emergency instructions (perhaps different sets, operator-
in-the-mom, and operator-outside-the-room) should be for-
mulated and posted. The staff must be made familiar with the
contents of the emergency instructions (these instructions
might include procedures to follow in case of fire, or of
certain types of mechanical failure, or of flooding, etc.). Hos-
pital (and/or clinic) safety and security personnel should re-
ceive training in accelerator safety issues. For example, the
institution’s safety and security staff should know where the
main circuit breaker for the accelerator is located.

2. Security

It must be assured that only authorized personnel can op-
erate the accelerator. The requisite security measures might
include requiring radiation therapists to carry the console key
with them whenever the console is unattended and to lock up
the console key(s) after hours. The institution’s security staff
should be instructed as to “normal” after hours activity at
the accelerator.

3. Maintenance

A physicist should be responsible for obtaining machine
maintenance and for assuring that the accelerator is fit to use
after maintenance (be it a repair or “just” preventative main-
tenance). Regardless of whether the manufacturer’s represen-
tatives or an in-house maintenance group have done the work
on the accelerator, the physicist must be aware of what was
done and how it might affect the accelerator’s operation. For
example, if repairs involved dosimetry components, the
physicist must check the machine’s output calibration (and
perhaps flatness, symmetry, percent depth dose, and percent
depth ionization) before allowing the accelerator back into
clinical service. A service log book should be kept for each
accelerator.
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4. Training

After the manufacturer’s initial support, a physicist is re-
sponsible for training as regards to safety features. He/she is
a member of a team that usually includes the chief radiation
therapist, as well as vendor applications staff. This training
may be as complex as formal instructional sessions that in-
clude emergency procedures as well as accelerator operation.
It will require that the user be very familiar with the opera-
tor’s instruction manual for the accelerator. In any case, the
end-point should be fully qualified operators. A record of
training and a list of qualified operators should be main-
tained.

5. Logistics

The physicist may participate in safety efforts that include
such logistical items as the preparation of appropriate forms
(e.g., daily output check, etc.), proper location of the accel-
erator instruction manuals, proper location of emergency in-
structions, proper location of fire extinguishers, proper emer-
gency lighting, proper voice and visual communication
between the patient and radiation therapists, etc.

D. Accuracy of dose delivery

An effective quality control program to prevent treatment
errors due to machine malfunction is essential for the safe
and accurate delivery of radiation therapy. The program
should be jointly established and implemented by radiation
oncologists, physicists, engineers, and therapists. The basic
components for such a program include well defined criteria,
adequate instrumentation, qualified personnel, and sufficient
documentation. The program should be simple to implement,
but sufficiently comprehensive in scope. A record of quality
assurance checks should be maintained and periodically re-
viewed for compliance.

In addition to the initial acceptance of the R & V system,
an ongoing QA procedure should be established by the medi-
cal physicist to assure the correct transfer of information
from the record and verify system to the accelerator, at least
for each new field setting made.

1. Frequency of tests

The performance of a radiotherapy accelerator should be
tested after machine repair or modification, at least in areas
which may be affected by the repair. In addition, certain tests
should be performed at regular intervals. The frequency of
various tests should inversely correlate with the stability of
the respective parameters tested, and should be based on ex-
perience with the equipment. Critical parameters, such as
machine output and laser accuracy, should be checked at
intervals that are short compared to a typical treatment
course of 4-6 weeks. The frequencies of tests are guidelines
and may be adjusted judiciously based on established records
of individual therapy units.

Medical Physics, Vol. 21, No. 7, July 1994

2. Guidelines for quality assurance tests,
tolerances, and frequencies

Recommended QA tests, their frequencies and criteria of
acceptance are described in AAPM Report No. 13.21 An up-
date of these recommendations is almost ready to be pre-
sented by AAPM Task Group No. 40.28

3. Levels of alert

Appropriate corrective actions should be taken when
specified tolerances are exceeded. Depending on the nature
and seriousness of the malfunction, and the complexity of
the remedy, the corrective action may be immediate or de-
layed. In all cases, the observation, the decision and/or cor-
rective action should be documented, and where appropriate,
clearly communicated to personnel whose work function
would be affected.

4. Documentation and reports

The quality assurance procedures should be documented
in detail. Data from quality assurance tests must be recorded
in archival form. Where appropriate, data may be recorded
on forms customized for the required periodic checks for
specific machines.

All records of quality assurance should be reviewed on a
regular basis by a qualified physicist. This is particularly
important when some procedures are carried out under the
supervision of qualified experts in other areas.

QA results should be summarized periodically and re-
viewed by a Quality Assurance Committee.
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APPENDIX A: DEFINITION OF A QUALIFIED
MEDICAL PHYSICIST

A qualified medical physicist is an individual who is com-
petent to practice independently one or more of the subfields
of medical physics.

1. Therapeutic radiological physics

This particular field pertains to:

(1) the therapeutic applications of x rays, of gamma rays, of
electron and charged particle beams, of neutrons, and of
radiations from sealed radionuclide sources;

(2) the equipment associated with their production, use,
measurement, and evaluation;

(3) medical health physics associated with this subfield.

2. Diagnostic radiological physics

This particular field pertains to:

(1) the diagnostic applications of x rays, of gamma rays
from sealed sources, of ultrasonic radiation, of radio.
frequency radiation, of magnetic fields;
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(4) medical health physics associated with this subfield.

3. Medical nuclear physics

This particular field pertains to:

(1)

(2)

(3)

the therapeutic and diagnostic applications of radionu-
clides (except those used in sealed sources for therapeu-
tic purposes):
the equipment associated with their production, uses
measurement, and evaluation;
medical health physics associated with this subfield.

(2) the equipment associated with their production, use,
measurement, and evaluation;

(3) the quality of the diagnostic image resulting from their
production and use;

4. Medical Health Physics

This particular field pertains to:

(1) the safe use of x rays, of gamma rays, of electron and
other charged particle beams, of neutrons, of radionu-
clides, and of radiation from sealed radionuclide sources
for both diagnostic and therapeutic purposes, except,
with regard to the application of radiation to patients for
diagnostic or therapeutic purposes;

(2) the instrumentation required to perform appropriate ra-
diation surveys.

It is expected that an individual will not hold himself/herself
out to be qualified in a subfield for which he/she has not
established competency. An individual will be considered
competent to practice one or more of the subfields of medical
physics if that individual is certified in that subfield by any of
the following organizations:

(a) The American Board of Radiology,
(b) The American Board of Medical Physics,
(c) The American Board of Health Physics,
(d) The American Board of Science in Nuclear Medicine,
(e) The Canadian College of Physicists in Medicine.

The American Association of Physicists in Medicine regards
board certification, in the appropriate medical physics sub-
field, and state licensure, in those states in which licensure
exists, as the appropriate qualification for the designation of
qualified medical physicist.

In addition to the above qualifications, a qualified medical
physicist shall meet and uphold the “Guidelines for Ethical
Practice for Medical Physicists” as published by the Ameri-
can Association of Physicists in Medicine.

APPENDIX B: RESPONSIBILITIES OF A RADIATION
ONCOLOGY PHYSICIST

(1) To develop requirements and specifications for the pur-
chase of appropriate equipment.

(2) To plan the facilities to house the accelerator (includ-
ing shielding design).

(3) To participate in, oversee, and monitor facility con-
struction as needed.

(4)

(5)

(6)
(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

To monitor machine installation by the manufacturer
and provide assistance as needed.
To perform acceptance testing of the machine after in-
stallation.
To commission the machine for clinical use.
To establish methods for special clinical procedures
and to acquire the necessary dosimetry data for them.
These include special eye blocks, breast setups, total
crania-spinal irradiation setup, electron arc, intraopera-
tive electrons, total skin irradiation, total body irradia-
tion, stereotactic radiotherapy, etc.
To establish procedures for monitor unit calculations
for the accelerator.
To establish methods for the determination of dose dis-
tributions in the patient irradiated by the accelerator.
To participate in patient data acquisition. treatment
planning and implementation, and evaluation of radia-
tion treatments using the accelerator.
To implement and monitor a quality assurance pro-
gram for personnel safety.
To implement and monitor a quality assurance pro-
gram for patient safety and accuracy of dose delivery.
To implement and monitor a maintenance schedule for
the accelerator.
To develop new procedures which may lead to better
and more cost-effective use of accelerators in radiation
oncology.

APPENDIX C: INSTRUMENTATION NEEDED FOR
ACCEPTANCE TESTING AND COMMISSIONING
OF A RADIOTHERAPY ACCELERATOR

Ionization chamber dosimetry system: two ionization cham-
bers, two electrometers, constancy checkers, cables, ther-
mometer, barometer, phantoms.

Film dosimetry system: densitometer, phantoms.
TLD dosimetry system: reader, ovens, jigs, phantoms.
Dosimetry scanning system: electrometers, scanning de-

vices.
Personal computer system: computer, software for report

generation, data collection and analysis, printer and plotter.
Quality assurance devices: survey meters, area monitors,

jigs.
Beam modifiers: fabrication tools including hot-wire cut-

ter for block fabrication.
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