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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 ISO 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 ISO, also take part in the work. 
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of 
electrotechnical standardization. 

The procedures used to develop this document and those intended for its further maintenance are 
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the 
different types of ISO documents should be noted. This document was drafted in accordance with the 
editorial rules of the ISO/IEC Directives, Part 2 (see www​.iso​.org/​directives).

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. Details of 
any patent rights identified during the development of the document will be in the Introduction and/or 
on the ISO list of patent declarations received (see www​.iso​.org/​patents).

Any trade name used in this document is information given for the convenience of users and does not 
constitute an endorsement. 

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and 
expressions related to conformity assessment, as well as information about ISO's adherence to the 
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), see www​.iso​.org/​
iso/​foreword​.html.

This document was prepared by Technical Committee ISO/TC 198, Sterilization of health care products.

A list of all parts in the ISO 11137 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A 
complete listing of these bodies can be found at www​.iso​.org/​members​.html.
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Introduction

ISO  11137-1 describes the requirements for the development, validation and routine control of a 
radiation sterilization process, and ISO 11137-3 gives guidance on dosimetric requirements in all stages 
of this development, validation and control. The purpose of ISO/TS  11137-4 is to provide additional 
guidance on the establishment and control of the irradiation process, including setting process target 
doses and verifying that the process is in a state of control.

This document addresses the establishment of methods to set process target doses and verify the 
process is in a state of control. Dosimetry is used during the validation of a radiation sterilization process 
to measure doses, and the interpretation of dosimetry results from operational and performance 
qualification studies is critical in establishing a process that will meet the requirements specified for 
minimum and maximum dose as outlined in ISO 11137-1, ISO 11137-2 and ISO/TS 13004.

Routine dosimetry is used to monitor that the process is in a state of control and dose specifications 
have been met. One purpose of this technical specification is to provide guidance on the application of 
a dose measurement as a tool used for monitoring an irradiation process using statistical techniques.

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 achieving conformity 
with the minimum and maximum dose specifications. Methods other than those given in the guidance 
may be used, if they are effective in achieving conformity with the requirements of ISO  11137-1, 
ISO 11137-2 and ISO/TS 13004.
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Sterilization of health care products — Radiation —

Part 4: 
Guidance on process control

1	 Scope

This document provides additional guidance to that given in ISO 11137-3 on meeting the requirements 
specified in ISO 11137-1, ISO 11137-2 and ISO/TS 13004 for the establishment and control of a radiation 
sterilization process using gamma, electron beam, and X-irradiation.

2	 Normative references

The following documents are referred to in the text in such a way that some or all of their content 
constitutes requirements 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  11137-1:2006, Sterilization of health care products — Radiation — Part 1: Requirements for 
development, validation and routine control of a sterilization process for medical devices

ISO  11137-3:2017, Sterilization of health care products — Radiation — Part 3: Guidance on dosimetric 
aspects of development, validation and routine control

3	 Terms, definitions and symbols

For the purposes of this document, the terms and definitions given in ISO 11137-1, ISO 11137-3 and the 
following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

—	 ISO Online browsing platform: available at http://​www​.iso​.org/​obp

—	 IEC Electropedia: available at http://​www​.electropedia​.org/​

3.1	 General

3.1.1
acceptance range
range within which the statistic under consideration lies with a specified probability when the process 
is in a state of control

3.1.2
action level
value from monitoring that necessitates immediate intervention

[SOURCE: ISO 11139:2018, 3.5]

3.1.3
alert level
value from monitoring providing early warning of deviation from specified conditions

Note 1 to entry: An alert level value provides early warning of a potential deviation for a process under control. 
Although further action is not required, increased supervision of the process is recommended.

TECHNICAL SPECIFICATION� ISO/TS 11137-4:2020(E)
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[SOURCE: ISO 11139:2018, 3.11, modified — Note 1 to entry has been added.]

3.1.4
cycle time
period of time an irradiation container spends in each dwell position in a gamma process, used as a 
control parameter for dose

Note 1 to entry: Cycle time can also apply to x-ray and could also include the time required to move between 
dwell positions.

[SOURCE: ISO 11139:2018, 3.73, modified — Note 1 to entry has been added.]

3.1.5
influence quantity
quantity that, in a direct measurement, does not affect the quantity that is actually measured, but 
affects the relation between the indication and the measurement result

Note  1  to  entry:  In radiation processing dosimetry, this term includes temperature, relative humidity, time 
intervals, light, radiation energy, absorbed-dose rate, and other factors that might affect dosimeter response, as 
well as quantities associated with the measurement instrument.

[SOURCE: VIM 2012, 2.52, modified — Note 1 to entry added from ISO/ASTM 52701:2013.]

3.1.6
measurement uncertainty
parameter, associated with the result of a measurement, that characterizes the dispersion of the values 
that could reasonably be attributed to the measurand

3.1.7
process control
specific activities to ensure process requirements are achieved

[SOURCE: ISO 11139:2018, 3.209]

3.1.8
process load
volume of material with a specified product loading configuration irradiated as a single entity

Note 1 to entry: The process load consists of one or more irradiation containers.

[SOURCE: ISO/ASTM 52303:2015, 3.1.10]

3.1.9
process target dose
Dtarget
dose, at a specified monitoring location, which the irradiation process parameters are set to deliver

3.1.10
process variability
measure of factors that result in a random distribution of data around the average that provides 
information on how well the process can perform when all special cause variation is removed

3.1.11
Statistical Process Control
SPC
set of techniques for improving the quality of process output by reducing variability through the use of 
one or more control charts and a corrective action strategy used to bring the process back into a state 
of statistical control

[SOURCE: ASTM E2587-16]
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3.1.12
targeting buffer
standard factor or factors used to determine process target doses which has been demonstrated to be 
more conservative calculated values of UFlower and UFupper during historical routine processing

3.2	 Symbols

Symbol Meaning
Dmin direct measurement of minimum dose in a given irradiation container
Dmax direct measurement of maximum dose in a given irradiation container
Dmon direct measurement of dose at the routine monitoring position
Dster Sterilization dose determined in accordance with 

ISO 11137-1:2006, 8.2
Dmax,acc maximum acceptable dose determined in accordance with 

ISO 11137-1:2006, 8.1
Dmin

limit = Dster * UFlower calculated dose at the minimum dose position used for establishing 
process parameters that ensures at a specified level of confidence that 
Dster is met or exceeded during routine processing

Dmax
limit = Dmax,acc * UFupper calculated dose at the maximum dose position used for establishing 

process parameters that ensures at a specified level of confidence that 
Dmax,acc is not exceeded during routine processing

UFlower = 1/(1 ‒ k * σprocess
min/100) process factor used to calculate Dtarget lower and Dmin

limit 
(where σprocess

min is expressed as a percentage)
UFupper = 1/(1 + k * σprocess

max/100) process factor used to calculate Dtarget upper and Dmax
limit 

(where σprocess
max is expressed as a percentage)

Rmin/mon = Dmin / Dmon ratio of minimum to monitor dose determined by dose mapping
Rmax/mon = Dmax / Dmon ratio of maximum to monitor dose determined by dose mapping
Dmon

ster = Dster/Rmin/mon dose at the monitoring position that correlates to the sterilization dose 
specification

Dmon
max,acc = Dmax,acc/Rmax/mon dose at the monitoring position that correlates to maximum acceptable 

dose specification
Dtarget

lower = Dmin
limit / Rmin/mon calculated dose at the routine monitoring position used for establishing 

process parameters that ensures at a specified level of confidence that 
Dster is met or exceeded during routine processing

Dtarget
upper = Dmax

limit / Rmax/mon calculated dose at the routine monitoring position used for establishing 
process parameters that ensures at a specified level of confidence that 
Dmax,acc is not exceeded during routine processing

σcal component of uncertainty related to the calibration of the dosimetry 
system including the uncertainty reported by the calibration laborato-
ry, uncertainty in the mathematical fit of the calibration function, and 
uncertainties due to influence quantities, but excluding components due 
to the reproducibility of the dosimeter measurement (see σrep)

σmach component of variability related to the radiation source and convey-
or system

σmap component of variability measured during a dose mapping exercise
σprocess standard deviation associated with the irradiation process used for 

setting process target doses
     σprocess

max — The standard deviation associated with the process	 
                                 maximum dose
     σprocess

min — The standard deviation associated with the process	  
                                 minimum dose

σrep component of variability associated with the reproducibility of the 
dosimeter measurement
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4	 Principles applied in validating and controlling an irradiation process

4.1	 General

Many dose measurements are made in the validation of an irradiation process as described in 
ISO  11137-1 and ISO  11137-3. These measurements are used to establish a relationship between 
processing parameters, monitoring dose, and the range of doses to a product, and to characterize the 
variability associated with the process itself. These measurements are made with calibrated dosimetry 
systems traceable to internationally recognized standards with a known level of uncertainty.

It is a requirement to monitor that the validated radiation sterilization process is in a state of control. 
ISO 11137-1:2006, 10.6 requires the use of dosimeters in routine monitoring and control and provides 
guidance on the additional review of monitoring of process parameters when determining that product 
has been processed according to specification.

The combination of dose measurements, monitoring of the associated processing parameters used to 
achieve those doses, and procedural controls are critical in establishing a process and determining 
whether or not it is in a state of control.

4.2	 Use of the dose measurement at the monitoring location

4.2.1	 General

Analysis of measurements from routine monitoring dosimeters is used to determine whether or not 
process specifications have been met. There are two methods of analysis that can be considered:

1)	 interpretation of dose measurements as a direct or indirect measure of dose delivered to 
product; and

2)	 interpretation of dose measurements to monitor that a process is in a state of control.

In all cases, a validated process provides an expectation of the monitored dose based on derived process 
target doses and associated processing parameters. The interpretation of the monitoring dose should 
be documented in the process specification.

The ability to detect changes in the process is limited by the intrinsic variability of dose at the routine 
monitoring location i.e. the variability measured when the process is in control. If σrep of the monitoring 
dosimetry system is large or dosimeter placement imprecise, this variability might be significantly 
higher than the true variability of the process. In such circumstances, significant changes in the process 
could go undetected, because they are masked by the high intrinsic variability at the monitoring 
location. Steps should be taken to minimise variability arising from the monitoring dosimetry system 
and dosimeter placement. See 6.5.4 and Annex A, Example 3.

4.2.2	 Dmon as an indirect measurement of dose to product

In an indirect measurement, the maximum and minimum doses to product are calculated from the 
monitoring dose measurement. The calculated doses have uncertainties associated with the dose at 
the monitoring location as well as the uncertainty associated with the dose at maximum or minimum 
locations and associated ratios, plus any other applicable components of uncertainty. A combination 
of these components can be used to determine the maximum and minimum targets for the routine 
monitoring dose. See 6.5.2, 6.5.3 and Annex A, Examples 1, 2 and 5.

4.2.3	 Dmon as a process monitor

It is acceptable to monitor a process where the maximum or minimum dose to product are not measured 
routinely (directly or indirectly), but rather where a range of monitoring doses are established that 
indicate that the process meets specification. In this situation, the variability associated with the 
measurement of minimum and maximum doses from PQ, combined with other relevant components 
of uncertainty can be used in determining maximum and minimum targets for the routine monitoring 
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dose. The variability of dose at the monitoring location is then used to determine the acceptable range 
of doses that indicate that the process is in a state of control and meets process specifications. Because 
the routine monitoring dosimeter is not used to measure minimum or maximum dose to product, 
the uncertainty associated with the relationship between the monitored dose and the maximum and 
minimum doses within a process load has no relevance in determining process target doses and process 
conformance.

4.2.4	 Dmin or Dmax as a direct measurement of dose to product

When routine dose is measured at the minimum and/or maximum dose location in the process load, 
then the dosimeter measurement provides a direct measurement of dose to product. It can also be used 
as an indicator that the process is in control. In such case, the benefits of both 4.2.2 and 4.2.3 might be 
achieved. See Annex A, Example 2.

There are circumstances where a limited amount of data is available to predict the outcome of a process. 
An example of this is an off-carrier process which is based on a single dose map (see 6.4.1). In these 
cases, enough dosimeters need to be placed on products to provide a direct measurement of minimum 
and maximum dose.

4.3	 Monitoring of critical process parameters

An important consideration in process control is the ability to detect if a processing parameter is 
changing in a manner that can affect the output of the process. The ability to monitor and/or control 
process parameters critical to the process output is, therefore, an important factor in ensuring the 
state of control of the irradiation process.

There are three main classes of processing parameters to be considered: parameters that relate to 
the radiation field, parameters that relate to the exposure time of the product to the radiation field, 
and parameters that relate to product influence. Table 1 provides an overview of the effect of critical 
process parameters and how they could be monitored.

Table 1 — Process parameters critical to radiation sterilization

Parameter Effect Monitoring Gamma Elec-
tron X-ray

Radiation field
Radioisotope decay Over time the radiation 

intensity is reduced
Source decay occurs based 
on the half-life of the isotope; 
date of irradiation is recorded



Electron energy Energy affects the penetra-
tion depth of electrons, scan 
width, and also X-ray conver-
sion efficiency

Irradiator parameters asso-
ciated with input power and 
beam current are monitored; 
indirect measurements using 
beam penetration profiles are 
made periodically as part of a 
quality control check

 

Beam current A change in beam current 
will lead to a change in the 
radiation intensity and 
possibly of the beam energy

Can be monitored indirectly 
during operation; indirect 
monitors can be calibrated  

Beam scan width For scanned system, width 
will affect the size of the 
radiation field and a reduction 
in width will increase the 
radiation intensity

Monitored indirectly by 
feedback of scanning system, 
or directly through intercep-
tion of the beam, or through 
periodic dosimetric tests

 
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Parameter Effect Monitoring Gamma Elec-
tron X-ray

Exposure time
Cycle time Dose is directly proportional 

to cycle time. An increase in 
cycle time equals an increase 
in dose.

Cycle time is set by operator, 
recorded as part of the pro-
cess and associated timers are 
calibrated

 

Conveyor speed Dose is inversely 
proportional to speed of 
product travelling through 
an irradiation field

Feedback from convey-
or speed monitors; direct 
measurements made during 
periodic tests

  

Product influence
Loading pattern Changes to loading pattern 

including product orientation 
inside a carton and/or carton 
loading into an irradiation 
container can affect dose 
delivery

Defined product loading 
patterns and procedures to 
ensure products are loaded 
according to specification   

Density and 
loading 
pattern of 
surrounding 
materials

Materials surrounding prod-
uct during irradiation can 
affect dose delivered through 
attenuation or scattering of 
radiation

Appropriate scheduling 
of process loads; defined 
criteria resulting from OQ 
for materials surrounding 
product during irradiation are 
documented

  

5	 Establishing process target doses

5.1	 Inputs and steps in establishing a process target dose

5.1.1	 General

The irradiation process is monitored using processing parameters and dosimeter measurements. 
Three process target doses at the routine monitoring position can be defined; Dtarget

lower, Dtarget
upper 

and Dtarget corresponding, respectively, to the lower and upper set limits for the process target dose 
and the actual process target dose chosen for processing under given conditions.

There are a number of factors used in the determination of a range of process target doses.

The inputs and steps in establishing a process target dose are listed in the following sections and 
depicted in Figure 1.

﻿
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Figure 1 — Inputs and steps in establishing a process target dose

5.1.2	 Process validation inputs (installation, operational and performance qualification)

The results of process validation that can be used to provide input into establishing process target 
doses include the following:

a)	 the magnitude of minimum dose to product Dmin for a given loading configuration and set of 
operating parameters and its relationship to the routine monitoring dose Dmon;

b)	 the magnitude of maximum dose to product Dmax for a given loading configuration and set of 
operating parameters and its relationship to the routine monitoring dose Dmon;

c)	 the variability associated with Dmin, Dmax and Dmon, and the uncertainty associated with their 
ratios (if used);

and if applicable the effects of

d)	 process interruptions;

e)	 transitions between different product;

f)	 partially filled irradiation containers.

The application of process validation data in establishing process target doses is discussed further in 5.2.

5.1.3	 Additional inputs

Additional inputs may include components that contribute to the uncertainty of the process which are 
not captured during process validation. These might include, but are not limited to σcal, and/or targeting 
buffers defined by the operator as applicable.

5.1.4	 Determine σprocess 

The standard deviation to be used in setting process target doses is designated σprocess and can be 
derived by quantifying individual components of measurement uncertainty and process variability or 
by quantifying a combination of components obtained during qualification exercises and by the use of 
historical data for a given irradiator.
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Separate determinations of σprocess used to calculate the upper process target dose (σprocess
max) and 

lower process target dose (σprocess
min) can be used to determine the range of process target doses. The 

estimation of these inputs is discussed further in 5.3.

5.1.5	 Product dose specifications

Product dose specifications determined in accordance with ISO 11137-1 are:

a)	 the sterilization dose Dster;

b)	 the maximum acceptable dose Dmax,acc.

5.1.6	 Select coverage factor k 

A coverage factor k is selected, representing the level of confidence required or selected for the process 
(see 5.4.1).

5.1.7	 Setting process target doses

The combination of these inputs is used to calculate a range of process target doses at the routine 
monitoring location defined between:

a)	 the lowest process target dose that will achieve a minimum dose to product equal to or greater 
than Dster at a defined level of confidence;

b)	 the highest process target dose that will achieve a maximum dose to product equal to or less than 
Dmax,acc at a defined level of confidence.

The calculation of these targets is discussed in 5.4.

5.1.8	 Analyse process output

Analyses of routine dose measurements and monitored processing parameters are used to determine if 
the process is operating in a state of control (see 6.5 and 6.6).

5.1.9	 Review

Ongoing review of data should be used to refine the initial information used to determine σprocess, see 
6.6 and Clause 8.

5.2	 Performance qualification outputs

5.2.1	 General

The purpose of performance qualification (PQ) dose mapping is to provide information about the dose 
distribution in a process load and the variability associated with the process. Zones of minimum and 
maximum dose to product for a given process load and set of operating parameters are identified and a 
location for the routine monitoring position is established.

The minimum or maximum dose zone can be chosen as the monitoring location(s). Alternatively, a 
measurement of dose in the product can be made indirectly by establishing relationships between the 
doses at the minimum dose location, maximum dose location and at a routine monitoring position.

Although the minimum number of replicate irradiation containers dose mapped is typically three, a 
higher number of replicates increases the confidence in the derived average minimum and maximum 
doses to product and, if applicable, the relationship of these doses to the routine monitoring dose and 
associated standard deviations for a given process.
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Dster and Dmax,acc are established according to the requirements of ISO  11137-1. Performance 
Qualification establishes the relationship between Dster, Dmax,acc and the routine monitoring dose 
for a given process. This relationship, combined with information on dose measurement uncertainty 
and process variability, can generate a range of process target doses at the monitoring location(s) 
(see Figure 5 for an example process).

5.2.2	 Experimental design for PQ

There are a number of factors that go into the design of a PQ study which will provide enough 
information to set up a process that when in a state of control renders product that is irradiated within 
its dose specifications Dster and Dmax,acc. This can include the determination of the relationship between 
maximum, minimum and monitoring doses as well as information on the variability of the process.

Factors which can influence the number of dosimeters used and the number of replicate dose maps 
include, but are not limited to, the following considerations:

a)	 radiation type (gamma, electron beam, or X-ray);

b)	 complexity of the product;

c)	 historic dose mapping data from similar products;

d)	 information gained from OQ;

e)	 output of mathematical models.

Information on the use of mathematical models can be found in ASTM E2232[8].

If PQ has been carried out using dose mapping exercises that are planned in such a way as to capture 
relevant sources of process variability, it is possible to analyse the data to obtain a combined value of 
multiple components of variability. For example, a PQ dose map study in gamma can be designed to 
include the expected range of processing conditions including surrounding products, and a PQ dose map 
study in electron beam can be designed to include combinations of irradiation parameter variations 
including variations apparent over long time intervals. See Annex A, Example 3 for a PQ designed to 
provide a combined value of multiple components of variability.

Alternatively, if the PQ dose mapping does not capture the combined effects of these components, such 
as dose mapping carried out with no variation of the facility parameters or is designed to reduce the 
variability associated with normal processing (sometimes referred to as a quiet system), additional 
components of variability should be included to obtain σprocess where appropriate. This might, for 
example, be variability associated with the irradiation parameters or surrounding products that would 
have been determined during OQ. See Annex A, Example 4 for an example calculation of σmach derived 
from OQ data.

The calculation of σprocess can be different when running a quiet system versus running with frequent 
transitions, partially filled containers, and interruptions. See Annex A, Example 1 for an example where 
the calculation of σprocess is adjusted when changing from a quiet system process to a transition.

In the case of established processing conditions for which there is a history of dose mapping and routine 
monitoring data, it might be possible to base the estimate of σprocess on pooled information from such 
data. The use of pooled data, for instance from irradiation of members of the same processing category, 
is likely to result in a more confident determination of σprocess than values based on fewer dose maps. 
See Annex A, Example 2 for a process using historical data.

More examples of approaches for analysing PQ data and determining σprocess are given in Annex A.

5.2.3	 Processing categories

The establishment of processing categories allows the operator to group together products which can 
be irradiated using the same processing parameters. The choice of parameters might not be optimal for 
any one product but rather provide a common process that will work for all products in the group.

﻿

© ISO 2020 – All rights reserved� 9

Full document details: ISO TS 11137-4-2020

http://avadocuments2026.com/doc/iso-ts-11137-4-2020
http://avadocuments2026.com/doc/iso-ts-11137-4-2020


﻿

ISO/TS 11137-4:2020(E)

For gamma and X-ray facilities, rules regarding processing categories can be established during OQ. A 
key part of establishing processing categories is the evaluation of how density variations in surrounding 
irradiation containers affect known dose distributions and magnitudes in order to determine allowable 
density variations within a processing category. A product can be a member of more than one processing 
category depending on the range of allowable process target doses. Products which can be processed in 
more than one processing category are often used to transition between densities. See 5.4.3 and 6.3.6 
for more information on transitions.

For electron beam irradiation, products are typically irradiated in sequence with gaps introduced 
to mitigate influences between product groups with different density characteristics or processing 
requirements. Products can be grouped into processing categories if the dose map results indicate that 
they can be processed with the same processing parameters and the influence of adjacent irradiation 
containers, if applicable, has been characterized and taken into account.

5.3	 Components of σprocess 

5.3.1	 General

σprocess is used in setting process target doses and represents a combination of the variability associated 
with the process and the inherent uncertainty in the measurement of dose (ISO  11137-3:2017, D.2). 
In order to establish σprocess, it is necessary to first identify all potentially significant sources of 
measurement uncertainty (see ISO  11137-3:2017, 4.3.1) and process variability. It is then necessary 
to consider the relevance of all components to the way the irradiation process is validated, operated 
and monitored (ISO  11137-3:2017, D.2). The relevance of different components depends on how the 
irradiation process is designed, validated and managed.

σprocess can be derived in a number of different ways. These could involve quantifying individual or 
combined components and can also involve the use of historical data including OQ data.

An important consideration in the estimation of σprocess is whether or not all of the relevant components 
are apparent in the measurements made during PQ. Certain components will express themselves all 
the time, while others can be only apparent over time, or not at all. Figure 2 and the following sections 
describe the main categories of components of σprocess and how they can be estimated.
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Figure 2 — Components of σprocess

5.3.2	 Components related to measurement uncertainty

Uncertainty is inherent in every dosimeter measurement, but the relevance of measurement uncertainty 
components in processing for inclusion in σprocess needs to be determined by competent personnel. 
Some of these components are captured in the dose mapping process and some are not.

Components related to measurement uncertainty can be categorized into three groups: Components 
related to dosimetry system calibration, components related to dosimeter measurement reproducibility, 
and components related to indirect measurements.

Components of uncertainty related to dosimetry system calibration, σcal, include:

a)	 the uncertainty reported by the calibration standards laboratory;

b)	 the uncertainty due to the mathematical fitting of the calibration function;

c)	 the uncertainty related to the effect of environmental influence quantities on dosimeters during 
calibration and use.

NOTE	 σcal does not include the reproducibility of the dosimeter measurement as determined during 
the calibration exercise as this component of uncertainty will be expressed in components related to process 
variability, see 5.3.3.

The uncertainty due to the calibration standards laboratory and mathematical fit of the calibration 
function will not be apparent in measured variability but can display a noticeable change after a new 
calibration is performed and implemented. The effect of influence quantities can be unapparent over a 
short time period but noticeable over longer time periods as, for example, seasonal shifts can change 
environmental conditions.
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The inherent variability associated with a dosimeter measurement is designated as σrep. In an 
irradiation process, it might not be practical to measure this component in isolation as the variability 
due to all other aspects of process delivery will contribute to observed variability in repeated dose 
measurements. In some applications of dose measurements, this variability can be included in a 
statement of uncertainty associated with a measurement (see References  [3] and [4]). However, this 
component should not be treated as an additional component of σprocess as it will be captured in other 
observed variability.

Additional components of uncertainty will need to be considered in the case of indirect dose 
measurements. These are described in detail in ISO 11137-3.

More information on components of uncertainty and influence quantities can be found in 
ISO/ASTM 51261[3], ISO/ASTM 51707[4], and ISO/ASTM 52701[6].

5.3.3	 Components related to process variability

A PQ dose mapping exercise (ISO  11137-1:2006, 9.3) is designed to capture components of σprocess. 
However, depending on the design of the PQ dose mapping experiment (5.2.2), different components of 
σprocess will be captured.

The components of process variability captured in the dose mapping exercise are designated σmap, and 
components that can contribute to σmap include:

a)	 the product loading variability;

b)	 the radiation source and conveyor system variability (σmach);

c)	 the reproducibility of the dosimetry system (σrep);

d)	 the variability of process conditions (e.g. density transitions in the case of gamma irradiation);

e)	 the variability in dosimeter positioning.

These components of variability are measured in combination in some form during dose mapping, but 
the extent to which the full variability of the process is captured will depend on the design of the dose 
mapping exercise. See 5.2.2.

Some of the variability measured in σmap relates not only to the variability of the product, but also to 
the variability in placement of dosimeters in replicate maps. If dosimeter placement is not performed 
consistently, this can inflate the measurement of σmap in a way that does not truly reflect the product 
dose variability. More information on PQ dose mapping can be found in ISO/ASTM 52303[5].

The component of σmach measured in σmap will capture the variability over the period of time that the 
dose mapping exercise took place. In some cases, σmach can be estimated if the processing parameters 
for the irradiator are well understood and characterized.

A combination of σmach and σrep can be measured over time using a routine monitoring location which 
is independent of other influences such as product (Annex A, Example 5). An example of estimation of 
σmach based on processing parameters can be found in Annex A, Example 4.

Dose maps are often performed in a “quiet system”, which means that the variability of process 
conditions is not always captured as part of PQ. Operational qualification studies can provide additional 
components of σprocess where applicable, such as process interruptions, transitions between different 
densities, effects of partially filled irradiation containers and variability over time. Components related 
to these studies can be combined as part of σprocess if these effects are anticipated as part of normal 
processing. Annex A, Examples 1 through 5 consider additional components of σprocess which were not 
captured in PQ.
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5.3.4	 Combining components of uncertainty

The relevant components of σprocess, when combined in quadrature, i.e. the square root of the sum of the 
squares, contribute toward its total value.

For example calculations of σprocess, see Annex  A. Multiple examples are provided to give a sense of 
the different components that are relevant depending on the design of the qualification studies, the 
irradiation process and how the irradiation process is managed.

Regardless of the approach taken in estimating σprocess, ongoing process monitoring should be used to 
verify and possibly refine the initial estimate of σprocess.

5.3.5	 Reducing σprocess 

If σprocess is overestimated, it can reduce the ability or flexibility to process product. Overestimation 
can occur if uncertainty or variability components are double counted, or if these components are 
estimated overly conservative. These issues can be avoided by a properly established budget containing 
all significant components of uncertainty and variability. Concepts to reduce the value of certain 
components are provided in Table 2.

NOTE	 The identification and quantification of the components of σprocess provides information on which 
components are the greatest contributors to σprocess and, therefore, will have the greatest effect on how 
the overall variability associated with the process can be reduced. This can include, but is not limited to, the 
categories of components that can contribute to σprocess listed in Table 2.

Table 2 — Potential components of σprocess and actions to reduce them

Component Detail Notes Action to reduce
σcal

Components 
related to 
dosimetry 
system 
uncertainty

Uncertainty reported by 
the calibration standards 
laboratory

This component will not man-
ifest itself in observed vari-
ability for a given dosimeter 
batch/calibration, but should 
be included for measurements 
that require traceability. 
σcal can become apparent in 
the form of a step change in 
routine monitoring results 
when a new dosimeter batch 
or calibration is used.

Use an accredited calibration 
lab with a lower reported 
uncertainty.

  Uncertainty due to mathemat-
ical fitting of the calibration 
function

Uncertainty can vary depend-
ent on dose level.
This component will not 
manifest itself in observed 
variability for a given do-
simeter batch / calibration 
and is inherent in every dose 
measurement.

Increase the number of rep-
licate measurements during 
calibration; select the cali-
bration curve best fitted to 
the data using a residual plot 
to support selection; choose 
doses most suited to cover 
the operational range of the 
irradiator.

  Uncertainty related to the 
effect of environmental influ-
ence quantities on dosimeters 
during calibration and use

Dependent on the conditions in 
which dose mapping occurred, 
these might or might not have 
been captured, e.g., dose map-
ping at lower doses might not 
reflect the influence quanti-
ties, namely temperature, seen 
in routine irradiation.

Ensure calibration condi-
tions and/or verification 
conditions reflects conditions 
during mapping exercises and 
routine irradiation, including 
temperature and dose rate as 
applicable.
Repeat calibration seasonally 
if required.

NOTE     This table provides possible component groups to provide a framework for readers. It is important to note that 
components can be grouped differently in practice to avoid double counting, etc.
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