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The Objectives and Uses of AAMI Standards and

Recommended Practices

It is most important that the objectives and potential uses of an AAMI
product standard or recommended practice are clearly understood.
The objectives of AAMI's technical development program derive
from AAMI's overal mission: the advancement of medica
instrumentation. Essential to such advancement are (1) a continued
increase in the safe and effective application of current technologies
to patient care, and (2) the encouragement of new technologies. It is
AAMI's view that standards and recommended practices can
contribute  significantly to the advancement of medica
instrumentation, provided that they are drafted with attention to these
objectives and provided that arbitrary and restrictive uses are avoided.

A voluntary standard for a medical device recommends to the
manufacturer the information that should be provided with or on the
product, basic safety and performance criteria that should be con-
sidered in qualifying the device for clinical use, and the measurement
techniques that can be used to determine whether the device conforms
with the safety and performance criteria and/or to compare the per-
formance characteristics of different products. Some standards em-
phasize the information that should be provided with the device,
including performance characteristics, instructions for use, warnings
and precautions, and other data considered important in ensuring the
safe and effective use of the device in the clinical environment.
Recommending the disclosure of performance characteristics often
necessitates the development of specialized test methods to facilitate
uniformity in reporting; reaching consensus on these tests can
represent a considerable part of committee work. When a drafting
committee determines that clinical concerns warrant the establishment
of minimum safety and performance criteria, referee tests must be
provided and the reasons for establishing the criteria must be
documented in the rationale.

A recommended practice provides guidelines for the use, care,
and/or processing of a medical device or system. A recommended
practice does not address device performance per se, but rather
procedures and practices that will help ensure that a device is used
safely and effectively and that its performance will be maintained.

Although a device standard is primarily directed to the manufac-
turer, it may also be of value to the potentia purchaser or user of the
device as a fume of reference for device evaluation. Similarly, even
though a recommended practice is usualy oriented towards health
care professionals, it may be useful to the manufacturer in better
understanding the environment in which a medical device will be
used. Also, some recommended practices, while not addressing device
performance criteria, provide guidelines to industrial personnel on
such subjects as sterilization processing, methods of collecting data to
establish safety and efficacy, human engineering, and other
processing or evaluation techniques; such guidelines may be useful to
health care professionals in understanding industrial practices.

In determining whether an AAMI standard or recommended
practice is relevant to the specific needs of a potential user of the
document, several important concepts must be recognized:

All AAMI standards and recommended practices are voluntary
(unless, of course, they are adopted by government regulatory or
procurement authorities). The application of a standard or recom-
mended practice is solely within the discretion and professional
judgment of the user of the document.

Each AAMI standard or recommended practice reflects the
collective expertise of a committee of health care professionals and
industrial representatives, whose work has been reviewed nationally
(and sometimes internationaly). As such, the consensus
recommendations embodied in a standard or recommended practice
are intended to respond to clinical needs and, ultimately, to help
ensure patient safety. A standard or recommended practice is limited,
however, in the sense that it responds generally to perceived risks and
conditions that may not always be relevant to specific situations. A
standard or recommended practice is an important reference in
responsible decision-making, but it should never replace responsible
decision-making.

Despite periodic review and revision (at least once every five
years), a standard or recommended practice is necessarily a static
document applied to a dynamic technology. Therefore, a standards
user must carefully review the reasons why the document was
initially developed and the specific rationale for each of its
provisions. This review will reveal whether the document remains
relevant to the specific needs of the user.

Particular care should be taken in applying a product standard to
existing devices and equipment, and in applying a recommended
practice to current procedures and practices. While observed or
potential risks with existing equipment typically form the basis for the
safety and performance criteria defined in a standard, professional
judgment must be used in applying these criteria to existing equip-
ment. No single source of information will serve to identify a
particular product as "unsafe”’. A voluntary standard can be used as
one resource, but the ultimate decision as to product safety and
efficacy must take into account the specifics of its utilization and, of
course, cost-benefit considerations. Similarly, a recommended
practice should be analyzed in the context of the specific needs and
resources of the individual ingtitution or firm. Again, the rationae
accompanying each AAMI standard and recommended practice is an
excellent guide to the reasoning and data underlying its provision.

In summary, a standard or recommended practice is truly useful
only when it is used in conjunction with other sources of information
and policy guidance and in the context of professional experience and
judgment.

INTERPRETATIONS OF AAMI STANDARDS
AND RECOMMENDED PRACTICES

Requests for interpretations of AAMI standards and recommended
practices must be made in writing, to the Manager for Technical
Development. An officia interpretation must be approved by |etter
ballot of the originating committee and subsequently reviewed and
approved by the AAMI Standards Board. The interpretation will
become officia and representation of the Association only upon
exhaustion of any appeals and upon publication of notice of interpre-
tation in the "Standards Monitor" section of the AAMI News. The
Association for the Advancement of Medica Instrumentation
disclaims responsibility for any characterization or explanation of a
standard or recommended practice which has not been devel oped and
communicated in accordance with this procedure and which is not
published, by appropriate notice, as an official interpretation in the
AAMI News.
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Glossary of equivalent standards

International Standards adopted in the United States may include normative references to other
International Standards. For each International Standard that has been adopted by AAMI (and ANSI), the
table below gives the corresponding U.S. designation and level of equivalency to the International

Standard. Note: Documents are sorted by international designation.

Other normatively referenced International Standards may be under consideration for U.S. adoption by

AAMI; therefore, this list should not be considered exhaustive.

International designation

U.S. designation

Equivalency

IEC 60601-1:2005

ANSI/AAMI ES60601-1:2005

Major technical variations

IEC 60601-1-2:2001 and
Amendment 1:2004

ANSI/AAMI/IEC 60601-1-2:2001 and
Amendment 1:2004

Identical

IEC 60601-2-04:2002

ANSI/AAMI DF80:2003

Major technical variations

IEC 60601-2-19:1990 and
Amendment 1:1996

ANSI/AAMI 1136:2004

Major technical variations

IEC 60601-2-20:1990 and
Amendment 1:1996

ANSI/AAMI 1151:2004

Major technical variations

IEC 60601-2-21:1994 and
Amendment 1:1996

ANSI/AAMI/IEC 60601-2-21 and
Amendment 1:2000 (consolidated texts)

Identical

IEC 60601-2-24:1998

ANSI/AAMI 1D26:2004

Major technical variations

IEC TR 60878:2003 ANSI/AAMI/IEC TIR60878:2003 Identical
IEC TR 62296:2003 ANSI/AAMI/IEC TIR62296:2003 Identical
IEC TR 62348:200x" ANSI/AAMI/IEC TIR62348:2006 Identical
ISO 5840:2005 ANSI/AAMI/ISO 5840:2005 Identical
ISO 7198:1998 ANSI/AAMI/ISO 7198:1998/2001/(R)2004 Identical
ISO 7199:1996 ANSI/AAMI/ISO 7199:1996/(R)2002 Identical
ISO 10993-1:2003 ANSI/AAMI/ISO 10993-1:2003 Identical
ISO 10993-2:1992 ANSI/AAMI/ISO 10993-2:1993/(R)2001 Identical
ISO 10993-3:2003 ANSI/AAMI/ISO 10993-3:2003 Identical
ISO 10993-4:2002 ANSI/AAMI/ISO 10993-4:2002 Identical
ISO 10993-5:1999 ANSI/AAMI/ISO 10993-5:1999 Identical
ISO 10993-6:1994 ANSI/AAMI/ISO 10993-6:1995/(R)2001 Identical
ISO 10993-7:1995 ANSI/AAMI/ISO 10993-7:1995/(R)2001 Identical
ISO 10993-9:1999 ANSI/AAMI/ISO 10993-9:1999/(R)2005 Identical

ISO 10993-10:2002

ANSI/AAMI BE78:2002

Minor technical variations

ISO 10993-11:1993

ANSI/AAMI 10993-11:1993

Minor technical variations

ISO 10993-12:2002 ANSI/AAMI/ISO 10993-12:2002 Identical
ISO 10993-13:1998 ANSI/AAMI/ISO 10993-13:1999/(R)2004 Identical
ISO 10993-14:2001 ANSI/AAMI/ISO 10993-14:2001 Identical
ISO 10993-15:2000 ANSI/AAMI/ISO 10993-15:2000 Identical
ISO 10993-16:1997 ANSI/AAMI/ISO 10993-16:1997/(R)2003 Identical
ISO 10993-17:2002 ANSI/AAMI/ISO 10993-17:2002 Identical

ISO 10993-18:2005

ANSI/AAMI BE83:2006

Major technical variations

ISO TS 10993-19:200x"

ANSI/AAMI/ISO TIR10993-19:2006

Identical

iv © 2006 Association for the Advancement of Medical Instrumentation ® ANSI/AAMI/ISO 11137-3:2006




International designation

U.S. designation

Equivalency

ISOTS 10993_20:200)(1 ANSI/AAMI/ISO TIR10993-20:2006 Identical
ISO 11135:1994 ANSI/AAMI/ISO 11135:1994 Identical
ISO 11137-1:2006 ANSI/AAMI/ISO 11137-1:2006 Identical
ISO 11137-2:200x" ANSI/AAMI/ISO 11137-2:2006 Identical
ISO 11137-3:2006 ANSI/AAMI/ISO 11137-3:2006 Identical
ISO 11138-1: 200x* ANSI/AAMI/ISO 11138-1:2006 Identical
ISO 11138-2: 200x" ANSI/AAMI/ISO 11138-2:2006 Identical
ISO 11138-3: 200x" ANSI/AAMI/ISO 11138-3:2006 Identical
ISO 11138-4: 200x* ANSI/AAMI/ISO 11138-4:2006 Identical
ISO 11138-5: 200x* ANSI/AAMI/ISO 11138-5:2006 Identical
ISO TS 11139:2006 ANSI/AAMI/ISO 11139:2006 Identical
ISO 11140-1:2005 ANSI/AAMI/ISO 11140-1:2005 Identical

ISO 11140-5:2000

ANSI/AAMI ST66:1999

Major technical variations

ISO 11607-1:2006 ANSI/AAMI/ISO 11607-1:2006 Identical
ISO 11607-2:2006 ANSI/AAMI/ISO 11607-2:2006 Identical
ISO 11737-1; 2006 ANSI/AAMI/ISO 11737-1:2006 Identical
ISO 11737-2:1998 ANSI/AAMI/ISO 11737-2:1998 Identical
ISO 11737-3:2004 ANSI/AAMI/ISO 11737-3:2004 Identical
ISO 13485:2003 ANSI/AAMI/ISO 13485:2003 Identical
ISO 13488:1996 ANSI/AAMI/ISO 13488:1996 Identical
ISO 14155-1:2003 ANSI/AAMI/ISO 14155-1:2003 Identical
ISO 14155-2:2003 ANSI/AAMI/ISO 14155-2:2003 Identical
ISO 14160:1998 ANSI/AAMI/ISO 14160:1998 Identical
ISO 14161:2000 ANSI/AAMI/ISO 14161:2000 Identical
ISO 14937:2000 ANSI/AAMI/ISO 14937:2000 Identical
ISO TR 14969:2004 ANSI/AAMI/ISO TIR14969:2004 Identical
ISO 14971:2000 and A1:2003 ANSI/AAMI/ISO 14971:2000 and A1:2003 | Identical
ISO 15223:2000, A1:2002, and ANSI/AAMI/ISO 15223:2000, A1:2001, and | Identical
A2:2004 A2:2004

ISO 15225:2000 and A1:2004 ANSI/AAMI/ISO 15225:2000/(R)2006 and | Identical

A1:2004/(R)2006

ISO 15674:2001 ANSI/AAMI/ISO 15674:2001 Identical
ISO 15675:2001 ANSI/AAMI/ISO 15675:2001 Identical
ISO TS 15843:2000 ANSI/AAMI/ISO TIR15843:2000 Identical
ISO 15882:2003 ANSI/AAMI/ISO 15882:2003 Identical
ISO TR 16142:2006 ANSI/AAMI/ISO TIR16142:2006 Identical

ISO 17664:2004

ANSI/AAMI ST81:2004

Major technical variations

ISO 17665-1:200x"

ANSI/AAMI/ISO 17665-1:2006

Identical

A1:2005

ISO 18472:200x" ANSI/AAMI/ISO 18472:2006 Identical
ISO TS 19218:2005 ANSI/AAMI/ISO 19218:2005 Identical
ISO 25539-1:2003 and A1:2005 ANSI/AAMI/ISO 25539-1:2003 and Identical

!In production
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Background of AAMI adoption of ISO 11137-3:2006

The International Organization for Standardization (ISO) is a worldwide federation of national standards
bodies. The United States is one of the ISO members that took an active role in the development of this
standard.

The first edition of 1ISO 11137 was developed by ISO Technical Committee 198 to fill a need for an
international standard for radiation sterilization of health care products. The standard was published in
1995 and was followed by several technical reports developed in ISO or in AAMI primarily to cover
additional dose setting methods. During its systematic review of ISO 11137:1995 (adopted in the U.S. as
ANSI/AAMI/ISO 11137:1994), ISO/TC 198 decided to revise the document by splitting it into three parts
under the general title Sterilization of health care products—Radiation. The three parts are

— Part 1. Requirements for development, validation, and routine control of a sterilization process for
medical devices;

— Part 2: Establishing the sterilization dose; and
— Part 3: Guidance on dosimetric aspects.

In addition, content from some of the technical reports developed since the first edition was published has
been incorporated into the latest standards.

Part 3 of ISO 11137 presents a significant expansion and improvement in guidance for the radiation
sterilization community compared to Annex C of ISO 11137:1995. The guidance follows the format of Part
1 for ease of reference. 1ISO 11137-3 provides detailed guidance for dosimetric aspects of:

— Establishing the maximum dose (product qualification),

— Establishing the sterilization dose,

— Installation qualification,

— Operational qualification, and

— Performance qualification

Additionally, new concepts of mathematical modeling are addressed in an Annex.

U.S. participation in ISO/TC 198 is organized through the U.S. Technical Advisory Group for ISO/TC 198,
administered by the Association for the Advancement of Medical Instrumentation (AAMI). The United
States made a considerable contribution to this standard.

Concurrent with the development of the U.S. position on the ISO 11137 series, the AAMI Radiation
Sterilization Working Group (AAMI ST/WG 02) decided to adopt the three parts verbatim. Together, these
documents supersede ANSI/AAMI/ISO 11137:1994 (and 2002 amendment), AAMI TIR27:2001,
AAMI/ISO TIR13409:1996 (and 2000 amendment), and AAMI/ISO TIR15844:1998.

The concepts incorporated in this standard should not be considered inflexible or static. This standard,
like any other, must be reviewed and updated periodically to assimilate progressive technological
developments. To remain relevant, it must be modified as technological advances are made and as new
data comes to light. Suggestions for improving this standard are invited. Comments on this standard are
invited and should be sent to AAMI, Attn: Standards Department, 1110 N. Glebe Road, Suite 220,
Arlington, VA 22201-4795.

NOTE—Beginning with the ISO foreword on page X, this American National Standard is identical to ISO 11137-3:2006.
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through 1SO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with 1SO, also take part in the work. ISO
collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an

International Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 11137-3 was prepared by Technical Committee ISO/TC 198, Sterilization of health care product.
This first edition, together with ISO 11137-1 and ISO 11137-2, cancels and replaces ISO 11137:1995.

ISO 11137 consists of the following parts, under the general title Sterilization of health care products —
Radiation:

— Part 1: Requirements for development, validation and routine control of a sterilization process for
medical devices

— Part 2: Establishing the sterilization dose

— Part 3: Guidance on dosimetric aspects
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Introduction

An integral part of radiation sterilization is the ability to measure dose. Dose is measured during all stages
of development, validation and routine monitoring of the sterilization process. It has to be demonstrated
that dose measurement is traceable to a national or International Standard, that the uncertainty of
measurement is known, and that the influence of temperature, humidity and other environmental
considerations on dosimeter response is known and taken into account. Process parameters are
established and applied based on dose measurements. This part of ISO 11137 provides guidance on the
application of dose measurements (dosimetry) during all stages of the sterilization process.

ISO 11137-1 describes requirements that, if met, will provide a radiation sterilization process, intended to
sterilize medical devices, which has appropriate microbicidal activity. Furthermore, compliance with the
requirements helps ensure that this activity is both reliable and reproducible so that predictions can be
made, with reasonable confidence, that there is a low level of probability of there being a viable
microorganism present on product after sterilization.

Generic requirements of the quality management system for design and development, production,
installation and servicing are given in ISO 9001 and particular requirements for quality management
systems for medical device production are given in ISO 13485. The standards for quality management
systems recognize that, for certain processes used in manufacturing or reprocessing, the effectiveness of
the process cannot be fully verified by subsequent inspection and testing of the product. Sterilization is an
example of such a process. For this reason, sterilization processes are validated for use, the performance
of the sterilization process monitored routinely and the equipment maintained.

Requirements in regard to dosimetry are given in ISO 11137-1 and ISO 11137-2. This part of ISO 11137
gives guidance to these requirements. The guidance given is not normative and is not provided as a
checklist for auditors. The guidance provides explanations and methods that are regarded as being
suitable means for complying with the requirements. Methods other than those given in the guidance may
be used, if they are effective in achieving compliance with the requirements of ISO 11137-1.
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American National Standard ANSI/AAMI/ISO 11137-3:2006

Sterilization of health care products—Radiation—
Part 3: Guidance on dosimetric aspects

1 Scope

This part of ISO 11137 gives guidance on the requirements in ISO 11137 parts 1 and 2 relating to
dosimetry. Dosimetry procedures related to the development, validation and routine control of a radiation
sterilization process are described.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 11137-1, Sterilization of health care products — Radiation — Part 1: Requirements for development,
validation and routine control of a sterilization process for medical devices

ISO 11137-2:2006, Sterilization of health care products — Radiation — Part2: Establishing the
sterilization dose

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 11137-1, 1ISO 11137-2 and the
following apply.

3.1
dosimetry system

interrelated elements used for determining absorbed dose, including dosimeters, instruments, associated
reference standards and procedures for their use

[ISO/TS 11139:2005]

4 Measurement of dose

Measurement of absorbed dose in connection with the radiation sterilization of medical devices is
expressed in terms of absorbed dose to water. Dosimetry systems should be calibrated in terms of
absorbed dose to water. In this part of ISO 11137, absorbed dose is referred to as dose.
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5 Selection and calibration of dosimetry systems

5.1 General

The dosimetry system(s) used to monitor the irradiation of product has to be capable of providing
accurate and precise results over the entire dose range of interest.

5.2 Selection of dosimetry systems

5.2.1 Dosimetric measurements are required in sterilization dose establishment, validation and routine
control of radiation sterilization; different dosimetry systems might be needed for these different tasks. In
dose establishment, for example, the range of doses required for a verification or incremental dose
experiment might be outside the recommended (and calibrated) operating range of the dosimetry system
used for the measurement of sterilization dose and, in such circumstances, an alternative system would
have to be employed.

5.2.2 Guidance on the selection of appropriate dosimetry systems used in radiation sterilization can be
found in ISO/ASTM 51261. The properties of individual dosimetry systems and procedures for their use
are given in the ISO/ASTM Practices listed in the Bibliography.

5.3 Calibration of dosimetry system

5.3.1 It is a requirement in ISO 11137-1 that dose measurements be traceable to an appropriate
national or International Standard and that their level of uncertainty be known. Consequently, all
significant sources of measurement uncertainty should be identified and their magnitudes assessed.

5.3.2 Calibration of dosimetry systems for use in radiation sterilization is a significant activity. The
response of most systems is influenced by the conditions of irradiation and measurement (e.g.
temperature, humidity, dose rate and interval of time between termination of irradiation and
measurement). In addition, the effects of these conditions are often interrelated and they can vary from
batch to batch of dosimeters. Therefore, calibration should be carried out under conditions that match as
closely as possible the actual conditions of use. This means that calibration is needed for each radiation
facility and it is not acceptable to use the outcome of a calibration supplied by the dosimeter manufacturer
without additional experimental verification of its validity.

5.3.3 A recognized national metrology institute or other -calibration laboratory accredited to
ISO/IEC 17025, or its equivalent, should be used in order to ensure traceability to a national or
International Standard. A calibration certificate provided by a laboratory not having formal recognition or
accreditation will not necessarily be proof of traceability to a national or International Standard and
additional documentary evidence will be required.

5.3.4 The ability to make accurate dose measurements depends on the calibration and consistency of
performance of the entire dosimetry system. This means that all equipment associated with the
measurement procedure, not just the dosimeters, is controlled and its performance verified.

5.3.5 Detailed calibration procedures are given in ISO/ASTM 51261. Information on estimating and

reporting uncertainty of measurement can be found in ISO/ASTM 51707. Additional guidance is given in
Sharpe and Miller [19],

6 Establishing the maximum acceptable dose

6.1 Testing to establish the maximum acceptable dose must be carried out using product or samples of
materials that have been irradiated to doses greater than those anticipated during actual processing. The
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value of the maximum dose received during sterilization will be influenced by the characteristics of the
irradiator and the loading pattern of the product. Thus, transfer of the process to another irradiator, or a
change to the loading pattern, might result in a change to the maximum dose to product.

6.2 Irradiation geometries for testing of product or samples of materials should be chosen to ensure
that the dose is determined accurately and is as uniform as practicable. Irradiation in containers used for
routine sterilization processing will usually produce too wide a range of doses to the product to be
meaningful for testing purposes. If routine irradiator containers are used, the location of test product
should be such that the range of doses that product receives is minimized.

6.3 The doses required in product or materials testing might be outside calibration range of available
dosimeter systems. In such cases it may suffice to deliver the dose in increments, with monitoring of each
increment of dose. The total dose is equal to the sum of the incremental doses.

7 Establishing the sterilization dose

7.1 The methods of establishing the sterilization dose (see 1SO 11137-2) require product, or portions
thereof (Sample Item Portion [SIP]), to be irradiated at doses within specified tolerance levels. The
dosimetry system used to monitor such doses shall be capable of providing accurate and precise
measurements over the entire dose range of interest. In order to avoid compromising the outcome of the
dose setting or dose substantiation methods, the dosimetry system used needs to be sufficiently accurate
to ensure measurement within the tolerances specified in the method.

7.2 The dose tolerances specified in the dose setting and substantiation methods refer to the maximum,
and in some cases minimum, doses that can be delivered to any point on/in a given product item or SIP.
Implicit in this requirement is the fact that the distribution of dose applied to product is known; this can
require detailed dose mapping of individual product items, particularly in the case of electron beam
irradiation. Such dose mapping is similar to that required for Performance Qualification (PQ, see
Clause 10).

7.3  Configuration of product during irradiation should be chosen to achieve minimum variation in dose,
both within individual items and between items. This can necessitate the irradiation of product items
individually; in exceptional cases, it might be necessary to dismantle and repackage the product in order
to achieve an acceptable range of doses applied to the item. In this context, see also 5.4.1 of
ISO 11137-2:2006.

7.4 To determine the range of doses applied to product, or portions thereof, dose mapping exercises
are performed. These dose mapping exercises do not have to be carried out at the same dose as used
for dose setting irradiations. The use of higher doses can enable the dosimetry system to be used in a
more accurate part of its operating range, thereby improving the overall accuracy of the dose mapping.

7.5 Consideration should be given to the performance of replicate dose mapping exercises.
Performance of replicates will reduce measurement uncertainties.

7.6 Irradiation for dose-setting or substantiation purposes using gamma rays is normally carried out
using either a special facility that is designed for irradiation with doses lower than the sterilization dose or
a defined location outside the normal product path in a sterilization facility, such as on a turntable or
research carrier.

7.7 Irradiation for dose setting or substantiation purposes using electrons or X-rays can normally be

carried out at the facility used for sterilization, as low doses can be achieved by reducing irradiator output
power and/or increasing conveyor speed.
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7.8 Irradiation using electrons can be carried out with the product surrounded by material to scatter the
electrons and produce a more uniform dose distribution.

7.9 In the performance of a verification dose experiment, it is required that the highest dose does not
exceed the verification dose by more than 10 %. The highest dose is either measured directly during the
irradiation or calculated from dose mapping data. If dose mapping data are used, account should be
taken of the statistical variability of the data. One approach to achieving this is given in Panel on Gamma
& Electron Irradiation [20],

7.10 A repeat of the verification dose experiment is allowed if the arithmetic mean of the highest and
lowest doses is less than 90 % of the intended verification dose. The highest and the lowest doses can
either be measured directly during irradiation or calculated from dose mapping data.

7.11 Methods 2A and 2B (see ISO 11137-2:2006) each require performance of an incremental dose
experiment in which product is irradiated at a series of nominal doses, with the additional requirement that
the dose for each increment is measured independently. The highest dose within each dose increment is
required to be within a specified dose range and is either measured directly during the irradiation or
calculated from dose mapping data. If dose mapping data are used, account should be taken of the
statistical variability of the data. One approach to achieving this is given in Panel on Gamma & Electron
Irradiation [20],

7.12 Methods 2A and 2B allow a repeat of an incremental dose irradiation using a further set of product,
or SIPs, if the arithmetic mean of the highest and lowest doses at that increment is less than the lower
limit of the specified range. The highest and the lowest doses are either measured directly during the
irradiation or calculated from dose mapping data.

8 Installation qualification

8.1 The purpose of Installation Qualification (IQ) is to demonstrate that the irradiator has been supplied
and installed in accordance with its specifications.

8.2 There is a requirement in ISO 11137-1 to determine the characteristics of the beam for an electron
or an X-ray irradiator. These characteristics include electron or X-ray energy, average beam current and,
if applicable, scan width and scan uniformity. The details of characterization depend on the design and
construction of the irradiator. Some examples are given in 8.4 and 8.5, but these should not be
considered exhaustive.

8.3 Most methods of determining the electron beam characteristics involve dosimetry, although in
many cases only relative measurements (for example, measurement of scan width) are required. In
instances where relative measurements are made, measurement traceability might not be required.

8.4 For X-ray irradiators, it is required to measure either the electron beam energy or X-ray energy
during 1Q. Where the design of the X-ray irradiator permits, it is usual to measure the electron beam
energy.

8.5 For electron accelerators, consideration should be given to the relationship between the scan
frequency, the scan width, pulse repetition rate (for pulse accelerators) and the conveyor speed relative to
the cross-sectional distribution of the electron beam at the product surface in order to ensure that there is
sufficient overlap to provide the required degree of dose uniformity.

8.6 Characterization of scan uniformity involves, in many cases, measurement of the uniformity both in
the direction of the scan and in the direction of the product travel.
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8.7 Details of the methods for electron beam characterization can be found in ISO/ASTM 51649, and
those for X-ray characterization in ISO/ASTM 51608.

8.8 There are no specific dosimetric requirements for IQ of gamma irradiators. However, depending on
irradiator specification, it might be necessary to carry out dose measurements and/or dose mapping in 1Q
to verify operation within the specification. Dose measurements similar to those used in Operational
Qualification (OQ) could be utilized.

9 Operational qualification

9.1 General

The purpose of OQ is to demonstrate that the irradiator, as installed, is capable of operating and
delivering appropriate doses within defined acceptance criteria. This is achieved by determining dose
distributions through dose mapping exercises and relating these distributions to process parameters.

9.2 Gammairradiators

9.2.1 Dose mapping for OQ is carried out to characterize the irradiator with respect to the distribution
and reproducibility of dose and to establish the effect of process interruption on dose. Dose mapping
should be performed by placing dosimeters in an irradiation container filled to its design limits with
material of homogeneous density. This density should be within the density range for which the irradiator
is to be used. At least two dose mapping exercises should be carried out, one with material close to the
lower limit of the density range for which the irradiator is intended to be used and another with material
close to the upper limit of this range.

9.2.2 A sufficient number of irradiation containers (at least three) should be dose mapped at each
chosen density to allow determination of variability of dose and dose distribution between containers. The
detail and number of replicate dose mapping exercises required will be influenced by the amount of
knowledge gained from previous OQ dose mapping exercises on the same or similar irradiators. This
means that a greater number of replicate exercises might be required for a new installation than for
gualification dose mapping exercises after replenishment of sources.

9.2.3 During dose mapping for OQ, the irradiator should have in place a sufficient number of containers
to mimic effectively an irradiator filled with containers holding material of the same density as that being
dose mapped. The number of containers required to achieve this depends on the irradiator design.

9.2.4 Individual dosimeters, dosimeter strips or dosimeter sheets should be placed in a three-
dimensional array sufficient to determine and resolve the dose distribution throughout the entire volume of
the irradiation container. The number of dosimeters will depend upon the size of the irradiation container
and the design of the irradiation facility. With a 1,0 m x 1,0 m x 0,5 m container, for example, dosimeters
might be placed in a three-dimensional 20 cm grid (i.e. at 20 cm intervals) throughout the container. For
requalification dose mapping, data from previous exercises can be used to optimize the positioning of the
dosimeters. Mathematical modeling techniques, such as Monte Carlo or Point Kernel calculations, can
also be useful in optimizing the positioning of dosimeters. See Annex A.

9.2.5 Data from dose mapping exercises can be used to establish the relationships between timer
setting and the magnitude of dose at a defined location within the irradiation container for material of
different densities. Approximate values for these relationships could be supplied by the irradiator
manufacturer or obtained from calculations using mathematical models. Dose mapping data can then be
used to refine these approximate relationships for the particular irradiator. See Annex A.
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9.2.6 A separate dose mapping exercise should be carried out or a calculation of transit dose
performed in order to assess the effect of process interruption. The appropriateness of calculations of
transit dose should be verified by dosimetry. This exercise can be done through irradiating a container
having dosimeters or dosimeter strips located as described above, and interrupting the process when the
container is close to the source where dose is expected to be most influenced by source transit. The
effect of process interruption is evaluated by comparing the results with those of dose mapping exercises
carried out under normal process conditions. It might be necessary to interrupt the process multiple times
in order to evaluate accurately the effect.

9.2.7 The response of some dosimeters is known to be influenced by the period of time that lapses
between irradiation and measurement; the magnitude of this effect can depend on temperature during
this period. These factors should be taken into account when interpreting measurements from dosimeters
that have been subjected to process interruption.

9.2.8 Dose mapping should be carried out to determine the effects on dose and dose distribution that
may occur in irradiation containers as a result of changing to product of different density. The acceptable
range of densities that can be processed together can be determined based on these measurements.
The effect of density changes on dose and dose distribution can be determined by sequentially
processing two materials with different densities and dose mapping the last container of the first material
density and the first container of the second material density. The data for these containers should be
compared to the homogeneous dose mapping data for these materials to determine the additional dose
variation when the two material densities are irradiated sequentially.

9.2.9 A separate dose mapping exercise should be performed for special conveyor systems (research
loops) or fixed locations in the irradiation cell (turntables) designated for manual placement of products.
Consideration should be given to the effect on dosimetry of the conditions associated with the use of such
conveyors and locations, e.g. dose rate and temperature.

9.2.10 Additional dose mapping studies can be performed that will provide data to reduce or eliminate
dose mapping studies in PQ. Examples of such studies include a) the effects of partially-filled irradiation
containers that can occur at the end of an irradiation batch, and b) the loading of test materials in the
centre of the irradiation container, which might be used to reduce the product width within the irradiation
container in order to achieve the desired maximum to minimum dose ratio.

Partially-filled irradiation containers can receive higher doses than full containers; therefore, dosimeters
should be placed at potential maximum dose zones in the partially filled containers as well as adjacent full
containers during the dose mapping exercise.

Loading of product in the centre of the irradiation container can result in a change in the magnitude and
distribution of dose as compared to full containers. In such circumstances, dosimeters should be placed
at potential minimum and maximum dose zones.

9.2.11 Data from OQ dose mapping exercises will often provide useful indication of the probable
locations of maximum and minimum doses in actual product loads.

9.3 Electron beam irradiators

9.3.1 Dose mapping for OQ is carried out to characterize the irradiator with respect to the distribution
and reproducibility of dose and to establish the effect of a process interruption on the dose. Dose
mapping should be carried out over a range of selected operating parameters which covers the
operational limits to be used in the irradiation of products. Dose mapping should be performed by placing
dosimeters in the irradiation container filled to its design limits with material of homogeneous density. This
density should be within the density range for which the irradiator is to be used. Generally, it is necessary
to use one density only for OQ dose mapping but more detailed information can be obtained by using
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more than one density, e.g. materials of density close to the limits of density range for which the irradiator
is intended to be used.

9.3.2 A sufficient number of irradiation containers (at least three) should be dose mapped at each
chosen set of operating parameters in order to allow determination of variability of dose and dose
distribution between containers. The detail and number of replicate dose mapping exercises required will
be influenced by the amount of knowledge gained from previous OQ dose mapping exercises. This
means that a greater number of replicate exercises can be required for a new installation than for
requalification at defined intervals.

9.3.3 The dose distribution in the irradiation container being mapped can be affected by material in the
preceding or following containers. This effect should be assessed and its magnitude determined.
Depending on the irradiator design, it might be necessary to precede or follow the containers being dose
mapped with containers filled with a material of similar density.

9.3.4 Dosimeters should be placed in a three dimensional array, including the surface, of the test
material to be irradiated. The dosimeters should be sufficient in number to measure the dose distribution
throughout the entire volume of the irradiation container. The number of dosimeters will depend upon the
size of the irradiation container, the design of the irradiator and the energy of the electron accelerator.

The dosimeters may be sheets, continuous dosimeter strips, discrete dosimeters or discrete dosimeters
placed adjacent to each other to form strips.

Data from previous exercises can be used to optimize the location of the dosimeters. Mathematical
modeling techniques, such as Monte Carlo calculations, can be used in optimizing the positioning of
dosimeters. See Annex A.

9.3.5 Data from the dose mapping exercises can be used to determine the relationships between
characteristics of the beam, the conveyor speed and the magnitude of dose at a defined location within,
or on, an irradiation container filled with a homogeneous material of known density. An alternative
approach is to define a location with a fixed geometry for a dosimeter that is traveling with, but separate
from, the irradiation container and determine the relationships between characteristics of the beam, the
conveyor speed and the magnitude of dose at that location. This position can be used as a defined
monitoring position during routine processing.

9.3.6 Specific dose measurements should be carried out in order to assess the effect of process
interruption on dose. This effect can be determined by placing dosimeters or dosimeter strips at the
position where the effect of a process interruption is expected to be greatest. This location is often on the
surface of the irradiation container facing the electron beam. The irradiation container is irradiated under
normal process conditions and the process is interrupted when the irradiation container is in the beam.
The process is restarted and the effect of the process interruption is determined by comparison of dose
measured with process interruption with dose measured without process interruption.

9.3.7 The response of some dosimeters is known to be influenced by the period of time between
irradiation and measurement; the magnitude of this effect can depend on temperature during this period.
This should be taken into account when interpreting measurements from dosimeters that have been
subjected to process interruption.

9.3.8 Depending on the irradiator design, dose mapping should be carried out to determine the effects
on dose and dose distribution that can occur in irradiation containers as a result of changing to product of
different density. The acceptable range of densities that may be processed together can be determined
based on these measurements. The effect of density changes on dose and dose distribution can be
determined by sequentially processing two materials with different densities and dose mapping the last
container of the first material density and the first container of the second material density. The data for
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these containers should be compared to the homogeneous dose mapping data for these test materials in
order to determine the additional dose variation when the two material densities are irradiated
sequentially.

9.3.9 Data from OQ dose mapping can provide an indication of the locations of maximum and minimum
doses in product loads.

9.4 X-ray irradiators

9.4.1 Dose mapping for OQ is carried out to characterize the irradiator with respect to the distribution
and reproducibility of dose, and to establish the effect of a process interruption on the dose. Dose
mapping should be performed by placing dosimeters in an irradiation container filled to its design limits
with a material of homogeneous density. This density should be within the density range for which the
irradiator is to be used. Dose mapping should be carried out over a range of selected operating
parameters and material densities that cover the operational limits encountered in the irradiation of
products. At least two material densities should be used — one close to the lower limit of the density range
for which the irradiator is intended to be used and another close to the upper limit of this range.

9.4.2 A sufficient number of irradiation containers (at least three) should be dose mapped at each
chosen set of operating parameters in order to allow determination of variability of dose and dose
distribution between containers. The detail and number of replicate dose mapping exercises required will
be influenced by the amount of knowledge gained from previous OQ dose mapping exercises. This
means that a greater number of replicate exercises can be required for a new installation than for
requalification at defined intervals.

9.4.3 During dose mapping for OQ, the irradiator should have in place a sufficient number of containers
to mimic effectively an irradiator filled with containers holding material of the same density as that being
dose mapped. The number of containers required to achieve this depends on the irradiator design.

9.4.4 Individual dosimeters, dosimeter strips or dosimeter sheets should be placed in a three-
dimensional array sufficient to measure the dose distribution throughout the entire volume of the
irradiation container. The number of dosimeters will depend upon the size of the irradiation container, the
design of the irradiation facility, and on the energy of the X-ray beam. With a 1,0m x1,0m x 0,5 m
container, for example, dosimeters might be placed in a three-dimensional 20 cm grid (i.e. at 20 cm
intervals) throughout the container. For requalification dose mapping, data from previous exercises can
be used to optimize the positioning of the dosimeters. Mathematical modeling techniques, such as Monte
Carlo or Point Kernel calculations, can also be useful in optimizing the positioning of dosimeters. See
Annex A.

9.4.5 Data from dose mapping exercises can be used to determine the relationships between
characteristics of the beam, the conveyor speed and the magnitude of dose at a defined location within,
or on, an irradiation container filled with a homogeneous material of known density. An alternative
approach is to define a location with a fixed geometry for a dosimeter that is traveling with, but separate
from, the irradiation container and determine the relationships between characteristics of the beam, the
conveyor speed and the magnitude of dose at that location. This position can be used as a defined
monitoring position during routine processing.

9.4.6 Specific dose measurements should be carried out in order to assess the effect of process
interruption on dose. This effect can be determined by placing dosimeters or dosimeter strips at the
position where the effect of a process interruption is expected to be greatest. This location is often on the
surface of the irradiation container facing the X-ray beam. The irradiation container is irradiated under
normal process conditions and the process is interrupted when the irradiation container is in the beam.
The process is restarted and the effect of the process interruption is determined by comparison of dose
measured with process interruption with dose measured without process interruption.
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9.4.7 The response of some dosimeters is known to be influenced by the period of time between
irradiation and measurement; the magnitude of this effect can depend on temperature during this period.
These factors should be taken into account when interpreting measurements from dosimeters that have
been subjected to process interruption.

9.4.8 Dose mapping should be carried out to determine the effects on dose and dose distribution that
can occur in irradiation containers as a result of changing to product of different density. The acceptable
range of densities that may be processed together can be determined based on these measurements.
The effect of density changes on dose and dose distribution can be determined by sequentially
processing two materials with different densities and dose mapping the last container of the first material
density and the first container of the second material density. The data for these containers should be
compared to the homogeneous dose mapping data for these test materials, in order to determine the
additional dose variation when the two material densities are irradiated sequentially.

9.4.9 A separate dose mapping exercise should be performed for special conveyor systems (research
loops) or fixed locations in the irradiation cell (turntables) designated for manual placement of products.
Consideration should be given to the effect on dosimetry of the conditions associated with the use of such
conveyors and locations, e.g. dose rate and temperature.

9.4.10 Additional dose mapping studies can be performed that will provide data to reduce or eliminate
dose mapping studies in PQ. Examples of such studies include a) the effects of partially-filled irradiation
containers that can occur at the end of an irradiation batch and b) loading of test materials in the centre of
the irradiation container, which might be used to reduce the product width within the irradiation container
in order to achieve the desired maximum to minimum dose ratio.

Partially-filled irradiation containers can receive higher doses than full containers; therefore, dosimeters
should be placed at potential maximum dose zones in the partially-filled containers as well as adjacent full
containers during the dose mapping exercise.

Loading of product in the centre of the irradiation container can result in a change in the magnitude and
distribution of dose as compared to full containers. In such circumstances, dosimeters should be placed
at potential minimum and maximum dose zones.

9.4.11 Data from OQ dose mapping can provide an indication of the locations of maximum and minimum
doses in product loads.

10 Performance qualification

10.1 General

10.1.1 Several factors related to the irradiator and product influence dose distribution. The data acquired
from a dose mapping exercise in PQ are used to identify locations and magnitudes of minimum and
maximum doses within product and to show the relationship between these doses and the dose at the
monitoring position(s). The monitoring positions selected may be locations within the irradiation container
(e.g. locations of minimum and maximum dose) or may be locations at a separate position adjacent to
and moving with the irradiation containers.

10.1.2 Information from doses measured during dose mapping is used to determine the values for

process parameters, such as timer setting or conveyor speed, which are set to obtain the specified
sterilization dose without exceeding the maximum acceptable dose.
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10.1.3 Data from the OQ dose mapping can provide information on the placement of dosimeters for PQ
dose mapping. Attention should be paid to regions of probable minimum and maximum doses that should
be more closely mapped than areas of intermediate dose.

10.1.4 In a dose mapping exercise, dosimeters should be placed throughout product according to a
defined pattern. The dose mapping should be carried out in sufficient detail to identify the maximum and
minimum dose positions on or in product being irradiated. Significant dose gradients can occur on or in
individual product items and this should be taken into account when positioning dosimeters. Each case
needs to be assessed individually, but some general guidance on dosimeter placement is given below.
Mathematical modeling techniques, such as Monte Carlo or Point Kernel calculations, can also be useful
in optimizing the positioning of dosimeters. See Annex A.

10.2 Gamma and X-ray

10.2.1 For a low density product being irradiated by gamma or X-rays, it is usually appropriate to
place dosimeters outside the primary packaging of product, as significant dose gradients might not occur
on individual product items. Typical examples are product made up of elements of low atomic number (i.e.
non-metallic) which in addition, do not contain masses of material large enough to cause local radiation
shielding of adjacent areas.

10.2.2 For product that contains masses of material large enough to cause local shielding when being
irradiated by gamma or X-rays, it could be necessary to place dosimeters inside the primary packaging of
product in order to determine the maximum and minimum doses.

10.2.3 If product can move within the irradiation container and in so doing affect dose distribution, this
should be taken into account during dose mapping, for example, by mapping several possible
configurations of product within the irradiation container.

10.2.4 In carrying out dose mapping, attention is given to the size, as well as to the placement, of the
dosimeters in order to ensure that the minimum and maximum doses are measured appropriately. To
obtain the required spatial resolution, it might be necessary to use thin film dosimeters with no protective
sachet. Thin film dosimeters with no protective sachet can be extremely susceptible to changes in
humidity, which can cause significant measurement errors. These errors can be reduced by irradiating
additional dosimeters in close proximity to reference dosimeters during the dose mapping exercise in a
geometry that ensures that the two types of dosimeter are irradiated to the same dose. Any differences
between the dose measurements of the two types of dosimeter can be used to correct the dose mapping
results.

10.2.5 The dosimetry system should have a high enough spatial resolution to allow measurement of
dose gradients that might occur, for example, at material interfaces.

10.2.6 The dose distribution in a partially-filled irradiation container, such as can occur at the end of a
batch of product, should be determined. This might require performance of a separate dose mapping
exercise for the partially-filled container. The effect that the partially-filled container can have on the dose
distribution in other filled containers should be considered. It might be possible to avoid the irradiation of
partially-filled containers by filling such containers with material of similar density.

10.2.7 The ratio between the maximum or minimum dose to product and the dose at a monitoring
position, if used, is subject to variability and thus to uncertainty. This component of uncertainty contributes
to the overall uncertainty in dose to product and should be taken into account when irradiating product for
sterilization.

10.2.8 Replicate dose mapping exercises are carried out in order to obtain information on variability of

doses caused by irradiator variation, product variation and dosimeter uncertainty. A minimum of three
exercises — each done using a separate irradiation container — is recommended in order to obtain
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statistically valid data; confidence in the measured values is, however, increased by using a larger
number of exercises. For replicate dose mapping exercises, it could be sufficient to place dosimeters only
in areas of dose extremes, rather than carry out a full dose mapping exercise.

10.2.9 The data from dose mapping can be analyzed to calculate the ratios of minimum dose to dose at
the monitoring position and maximum dose to dose at the monitoring position for each exercise. A
calculation of the respective mean values, together with their standard deviations, can then be made. The
mean minimum to monitor dose ratio and its uncertainty, combined with the uncertainty of the dosimetry
system, can be used to select a monitor dose that will ensure that, in subsequent processing, the
minimum dose exceeds the sterilization dose with a defined confidence level. See AAMI TIR29 [16],

10.2.10 Information gained from the analysis of dosimetric data is used in preparing the process
specification, which includes stipulation of the process parameters and the acceptable limits for the dose
at the monitoring position.

10.2.11 Further guidance on the analysis of PQ data and its application to routine processing is provided
in AAMI TIR29 [16] and Panel on Gamma & Electron Irradiation [21],

10.3 Electron beam

10.3.1 For product that is processed using electron irradiators, it is usually necessary to place
dosimeters inside the primary product packaging of product in order to determine the maximum and
minimum doses.

10.3.2 If product could move within the irradiation container and in so doing affect dose distribution, this
should be taken into account during dose mapping, for example, by mapping several possible
configurations of product within the irradiation container.

10.3.3 In carrying out dose mapping, attention should be given to the size, as well as to the placement,
of the dosimeters in order to ensure that the minimum and maximum doses are measured appropriately.
To obtain the required spatial resolution, it might be necessary to use thin film dosimeters with no
protective sachet. Thin film dosimeters with no protective sachet can be extremely susceptible to changes
in humidity, which can cause significant measurement errors. These errors might be reduced by
irradiating additional dosimeters in close proximity to reference dosimeters during the dose mapping
exercise in a geometry that ensures that the two types of dosimeter are irradiated to the same dose. Any
differences between the dose measurements of the two types of dosimeter can be used to correct the
dose mapping results.

10.3.4 The dosimetry system should have a high enough spatial resolution to allow measurement of
dose gradients that could occur, for example, at material interfaces. For electron beam irradiation, the
magnitude of the dose gradients can be several tens of percent over less than 1 mm.

10.3.5 The dose distribution in a partially-filled irradiation container, such as can occur at the end of a
batch of product, should be determined. This might require a separate dose mapping exercise for the
partially-filled container. The effect that the partially-filled container can have on the dose distribution in
other filled containers should be considered. It might be possible to avoid irradiation of partially-filled
irradiation containers by filling such containers with material of similar density.

10.3.6 The ratio between the maximum or minimum dose to product and the dose at a monitoring
position, if used, is subject to variability and thus to uncertainty. This component of uncertainty contributes
to the overall uncertainty in dose to product and should be taken into account when irradiating product for
sterilization.

© 2006 Association for the Advancement of Medical Instrumentation ® ANSI/AAMI/ISO 11137-3:2006 11



10.3.7 Replicate dose mapping exercises are carried out in order to obtain information on variability of
doses caused by irradiator variation, product variation and dosimeter uncertainty. A minimum of three
exercises — each done using a separate irradiation container — is recommended in order to obtain
statistically-valid data; confidence in the measured values is, however, increased by using a larger
number of exercises. For replicate dose mapping exercises, it could be sufficient to place dosimeters only
in areas of dose extremes, rather than carry out a full dose mapping exercise.

10.3.8 The data from dose mapping can be analyzed to calculate the ratios of minimum dose to dose at
the monitoring position and the maximum dose to dose at the monitoring position for each exercise. The
respective mean values, together with their standard deviations, can then be calculated. The mean
minimum to monitor dose ratio and its uncertainty, combined with the uncertainty of the dosimetry system,
can be used to select a monitor dose that will ensure that in subsequent processing, the minimum dose
exceeds the sterilization dose with a defined confidence level. See AAMI TIR29 [16],

10.3.9 Information gained from the analysis of dosimetric data is used in preparing the process
specification, which includes stipulation of the process parameters and the acceptable limits for the dose
at the monitoring position.

10.3.10 Further guidance on the analysis of PQ data and its application to routine processing is provided
in AAMI TIR29 [16] and Panel on Gamma & Electron Irradiation [21],

11 Routine monitoring and control

11.1 General

The relationships between the minimum and maximum doses and the dose at the monitoring position are
determined from the results of dose mapping exercise(s). The measurement of dose at the monitoring
position during processing is used to verify that the minimum dose exceeds the sterilization dose, and that
the maximum dose does not exceed the maximum acceptable dose. Permitted variation limits for the
dose measured at the monitoring position are given in the process specification.

11.2 Frequency of dose measurements

Dose measurement at the routine monitoring position provides process parameters that are independent
of any other control or measurement system of the irradiator. The minimum frequency of dose
measurement should be chosen based on the particular characteristics of the irradiator or process. For
processing using gamma rays, dosimeters are typically placed at the beginning and end of each run of
product comprising a particular processing category. Additionally, dosimeters can be placed so that at
least one dosimeter is within the irradiator cell at all times. For processing using electron beam or X-rays,
dosimeters are typically placed at the beginning and end of each run of product comprising a processing
category that is irradiated using a specific set of processing parameters.
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Annex A
(informative)

Mathematical modeling

A.1 General

Mathematical models may be used to estimate doses in certain applications. Results of calculations
should be verified with dose measurements. Mathematical models can also be useful in optimizing the
applications of dose measurements.

Mathematical models can closely simulate the transport of photons or electrons through the irradiator,
taking into account the attenuation and scattering by materials between the source and product.
Mathematical modeling of dose distribution for gamma irradiators requires accurate knowledge of the
source activity distribution and the composition and position of the source, source rack, product carriers,
irradiator support structures and product. For electron beam and X-ray irradiators, the beam energy,
current and pulse distribution (for pulsed accelerators), and the composition and position of product,
product carriers and adjacent scattering materials should be accurately known. Errors in any input
parameter for the calculation can result in errors in the calculated doses, so calculated dose distributions
should be verified by dose mapping studies.

A brief description of types of models and their uses is given in A.2 and A.3. Further guidance on the use
and application of mathematical modeling can be found in ASTM E2232-02.

A.2 Types of model

A.2.1 General

There are a number of methods for mathematical modeling of radiation transport. However, most
modeling is performed using either the Point Kernel method or the Monte Carlo method. The Point Kernel
method is used for calculating the dose distribution in gamma and X-ray irradiators. It is not used for
electron beam irradiators. The Monte Carlo method can be used for gamma, X-ray and electron beam
irradiators.

A.2.2 Point Kernel

In the Point Kernel method, a gamma or X-ray source (e.g. a gamma source consisting of a number of
source capsules distributed over a rectangular plaque or a cylinder) is approximated by a number of point
sources. The intervening material between each point source and each point where the dose is to be
calculated is determined from the coordinates of the source, irradiator and product volumes. The effect of
this intervening material on the dose rate is estimated by assuming that the photons reaching the dose
point are reduced by the inverse square relationship with distance and by exponential reduction based on
the mass of material. Contributions from degraded scattered photons are approximated by use of a factor
called the build-up factor. Build-up factors have been calculated for different materials and energies for
different source to product geometries. However, the published values apply only for simple
homogeneous geometries (e.g. a point source in an infinite medium). In actual gamma and X-ray
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irradiators, the source to product geometries are not that simple, and effects of boundaries and mixtures
of materials limit the accuracy in the application of build-up factors.

A.2.3 Monte Carlo

In the Monte Carlo method, the transport of each photon or electron from the source through the product
and irradiator materials is simulated by the use of random numbers to determine the energy deposition
and change of path following different interactions. The probability for each interaction is obtained from
published tables. Theoretically, the Monte Carlo method can accurately simulate the actual transport of
the photons and electrons. However, since each photon or electron follows a unique path, determined by
the probabilities for each individual interaction, the dose contribution from a large number of photons or
electrons can only be determined from a large number of photon or electron histories. The uncertainty
associated with the random statistical fluctuations is estimated and the calculations are continued until an
acceptable statistical uncertainty in the calculated dose is reached. Even with modern fast computers,
however, exact calculations can require large amounts of computer time, so approximations are usually
used. These approximations include biasing the calculations to provide additional histories for rare events.

A.3 Use of models

A.3.1 Design of irradiators

Mathematical modeling is used extensively in the design of irradiators. Calculations are performed to
optimize the irradiation geometry to achieve the desired throughputs and dose homogeneity. Data from
mathematical modeling are then used to determine the radiation performance of the irradiator when filled
with homogeneous product. Calculations provide information on the expected dose per kilocurie of activity
or kilowatt of beam power, variation of dose with product density, dose uniformity ratios and locations of
the minimum and maximum doses. Some mathematical models can also provide information on the
doses received during the transition between different density products, transit doses during movement of
the source or shutdown of the electron beam, and effects of voids or product heterogeneity. Some
mathematical models can also provide information on the energy spectrum at the different irradiation
positions in a gamma or X-ray irradiator.

A.3.2 Operation of gamma and X-ray irradiators

For gamma and X-ray irradiators, information on the expected dose distribution provided by mathematical
modeling can be used to ensure that a sufficient number of dosimeters are distributed in the expected
zones for minimum and maximum doses in the irradiator dose mapping studies. Dosimeters should also
be placed in the minimum and maximum dose zones predicted by the mathematical modeling as well as
other locations to confirm that the irradiator performs as expected. Since the mathematical modeling
usually assumes that all source, irradiator, and product characteristics are exactly those in the input, the
effects of any deviation from these parameters can only be determined from dosimetry.

After the dose mapping studies have confirmed the reliability of the results from the mathematical
modeling data, mathematical modeling provides an effective tool for interpolating between the measured
results to determine the dose distribution for other intermediate product densities and for determining
general trends such as the effects of product density changes or dose variations caused by non-
homogeneous products. The use of a combination of mathematical modeling and dose mapping can
significantly reduce the amount of dose mapping required, as illustrated in the following example.

— Use mathematical modeling to calculate the dose distributions in homogeneous product of
several densities.
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— Normalize calculated results to obtain agreement with the dose mapping data and determine
normalization factors applicable for the range of product densities measured.

— Calculate the dose distribution for intermediate product densities and apply the required
normalization factors.

— Calculate the dose distributions for the first and last product containers when products of
different densities are irradiated sequentially.

— Compare calculated data with dose mapping data for several different product densities
irradiated sequentially to confirm the reliability of results from mathematical modeling.

The resultant data can also be used to confirm that dose specifications can be met when specific
products are processed together and to determine the optimum timer settings to be used during transition
between products of different densities.

A.3.3 Operation of electron beam irradiators

For electron beam irradiators, information on the expected dose distribution provided by mathematical
modeling can be used to ensure that a sufficient number of dosimeters are distributed in the expected
zones for minimum and maximum doses in the irradiator dose mapping studies. Mathematical modeling
also can be used to determine the dose in areas where there may be steep dose gradients, such as near
the edges of product, to ensure that dosimeters provide adequate resolution. Results of mathematical
modeling could indicate the need to map areas with strips or sheets of dosimetric film to determine doses
near product edges.
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