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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 proce@lures used to develop this document and those intended for its further maintenanee
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed*for
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2. www.iso.org/directives

Attention i

5 drawn to the possibility that some of the elements of this document may be the subjec

patent rights. ISO shall not be held responsible for identifying any or all such patentyrights. Detai

any patent
on the ISO

Any trade
constitute

The comm

rights identified during the development of the document will be in the Introduction ang
ist of patent declarations received. www.iso.org/patents

hame used in this document is information given for the convenience of users and does
an endorsement.

ttee responsible for this document is ISO/TC 85, Nugcledar energy, nuclear technologies,

radiological protection, Subcommittee SC 2, Radiological protection:

IS0 13304

for electron paramagnetic resonance (EPR) spectroscopy forwetrospective dosimetry of ionizing radiation:
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Introduction

Electron paramagnetic resonance (EPR) has become an important approach for retrospective dosimetry
in any situation where dosimetric information is potentially incomplete or unknown for an individual.
It is now applied widely for retrospective evaluation of doses that were delivered at considerable times
in the past (e.g. EPR dosimetry is one of the methods of choice for retrospective evaluation of doses to
the involved populations from the atomic weapon exposures in Japan and after the Chernobyl accident)
and has received attention for use for triage after an incident in which large numbers of people have
potentially been exposed to cl1n1cally significant levels of rad1at1on Various materials may be analysed
] ) dosimetry,
pertinent as well for acute exposures (past or recent, whole or partlal body) and prolonged Xposures.
diation to
rec¢ived dose, to validate other techniques or methodologies, to manage casualtiés, or fpr forensic

eledtron species (often but not exclusively free radicals) proportional to absorbed dose. Thg technique

of ElP ifi iti i icignt stability
to is usually
dirgctly proportional to the amount that was generated, these species can react, and thgrefore, the
rel blished for

each type of use. The most extensive use of the technique has.been with calcified tissue, espgcially with
enajmel from teeth. An IAEA technical report was publishedon the use for tooth enamel.[13] To extend
the[possibility of EPR retrospective dosimetry, new matetials possibly suitable for EPR dogimetry are
regplarly studied and associated protocols established. This International Standard is aime¢d to make
thid technique more widely available, more easily applicable and useful for dosimetry. Specifically, this
Intdgrnational Standard proposes a methodological\frame and recommendations to set up, vdlidate, and
apply protocols from samples collection to dosefeporting.

© IS0 2013 - All rights reserved v
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Radiological protection — Minimum criteria for electron
paramagnetic resonance (EPR) spectroscopy for
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trospective dosimetry of ionizing radiation —

Part 1:
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Scope

primary purpose of this International Standard is to provide minimum acCeptable criter
stablish procedure of retrospective dosimetry by electron paramagnetic resonance sp
to report the results.

second purpose is to facilitate the comparison of measurementscelated to absorbed dose
hined in different laboratories.

5 International Standard covers the determination of abserbed dose in the measured
5 not cover the calculation of dose to organs or to the bady:It covers measurements in bot
inanimate samples, and specifically:

based on inanimate environmental materials,\ltsually made at X-band microwave f
(8 GHz to 12 GHz);

in vitro tooth enamel using concentrated enamel in a sample tube, usually employ
frequency, but higher frequencies are‘also being considered;

in vivo tooth dosimetry, currently:ising L-band (1 GHz to 2 GHz), but higher frequenci
being considered;

in vitro nail dosimetry using'nail clippings measured principally at X-band, but higher f
are also being considened;

in vitro measurements of bone, usually employing X-band frequency, but higher frequenc
being considered.

For

undepr-field conditions.

froql

the biological samples, the in vitro measurements are carried out in samples after the
therperson and under laboratory conditions, whereas the measurements in vivo may|

in vivo nail dosimetry-with the measurements made at X-band on the intact finger or toe}

arequired
pctroscopy

estimation

material. It
1 biological

requencies

ng X-band

es are also

requencies

jes are also

ir removal
take place

NOTE

measured materials.

2
For

2.1

Terms and definitions

the purposes of this document, the following terms and definitions apply.

retrospective dosimetry (including early or emergency response)
dosimetry, usually at the level of the individual, carried out after an exposure using methods other than

the

conventional radiation dosimeters

© IS0 2013 - All rights reserved
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2.2

electron paramagnetic resonance (EPR)

electron spin resonance (ESR)

magnetic resonance technique which is similar to nuclear magnetic resonance (NMR) but based on the
net spin of unpaired electrons, such as free radicals and electron defects centers in matrices

Note 1 to entry: The terms EPR and ESR are essentially equivalent and are widely used. The term electron
magnetic resonance (EMR) also sometimes is used because it is analogous to nuclear magnetic resonance (NMR).

2.3
radical/paramagnetic centre
species with unpaired electron(s)

Note 1 to eptry: Paired electrons have the same quantum state except for opposite spins; unpaired\electfons
do not have|a “partner” with the opposite spin. When the unpaired spin is on a molecule, it is usually’termgd a
radical; whgn the unpaired electron is in a matrix, it often is termed a paramagnetic centre.

2.4
in vivo mepsurement
measurement carried out within the living system, such as measurements of paramagnetic centrgs in
teeth within the mouth

2.5
in vitro m¢asurement
measuremgent carried out on materials outside the organism

Note 1 to erftry: The term ex vivo also has been used in the literature*for sample measured in vitro but irradifted
within the qrganism.

2.6
quality assurance
planned anld systematic actions necessary to provide adequate confidence that a process, measuremjent,
or service $atisfies given requirements for quality

2.7
quality coptrol
planned ahd systematic actions intended to verify that systems and components conform with
predetermjned requirements

3 Confidentiality and-ethical considerations

All individhal identifying information of persons who provided samples should not be attached to|the
information on the samples and kept only in a secured place. The corresponding samples should be
identified by codes‘with indication only of parameters that are useful for scientific purposes and for
making de¢isions.\Data linking the code to the person can be kept if they are done so in a secure manjner,
with acces§ limited to the persons in charge of the data.

Where appropriate, permission for obtaining and measuring the samples should be obtained under the
rules of the jurisdiction where the samples are obtained.

4 Laboratory safety requirements

4.1 Magnetic field

With conventional spectrometers, the magnetic field (for signals with g-factor near 2,0, typically 350 mT
for X-band and 1 200 mT for Q-band) is restricted to the region between the poles of the magnets, and
therefore, there is no associated biological hazard (can affect watches or credit cards if brought very
close to the gap).

2 © IS0 2013 - All rights reserved
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The open nature of some in vivo EPR spectrometers (for signals with g-factor near 2,0, 40 mT for L-band)
combined with large gaps between the poles has the potential to project the 0,5 mT line beyond the
confines of the room. This line needs to be determined and appropriate shielding placed for areas that
exceed this limit and that are accessed by the general public. The establishment of the 0,5 mT limit
is based on concerns about potential effects on pacemakers, which are the only significant source of
biohazards from the magnetic fields that are employed with EPR. The conventional limit is 0,5 mT
(which is very conservative) and surveys should be made to confirm that this field is not exceeded where
a person with a pacemaker could be positioned.

Effects of modulation fields on tissues or tooth restorations are not a significant hazard.

4.2| Electromagnetic frequency

4.2{1 invitro measurement

Thd
the
dist

configurations used for in vitro measurements have no hazard for exposure of op
spectrometer usually fully constrains the microwave to the sample with no significg
ributed outside of the resonator.

erators, as
nt amount

4.212 invivo measurement

Imit is that
a potential
factor of 3

Mes:
estd
haz
gre

surements in vivo have the potential hazard of local heating. The operative safety li
iblished for NMR in terms of permissible rates of energy absorption. In practice, this is
rd only at high incident microwave power levels—typically > 1 W, which is at least a
hter than that in existing instruments.

4.3| Biohazards from samples

Bio prisdiction

for

ogical samples measured in vitro should be*handled in conformance to the rules of the j
Foutine practice for handling biologicak§amples.

Mea:
pot

surements of teeth in vivo should:fellow the routines practiced for ordinary dentistry if regard to

bntial contamination from subjects to operators or other subjects.

5
All

Collection/selection-and identification of samples

tamples should be collected in as uniform manner as possible and the circumstances of th¢ collection

not
co0
san|
the

is a
hist[;ry of’the sample, information about donor, etc.). All samples should have a unique ident

bd, although this-may not always be able to be controlled by the measuring laborato|
Fdination between the collecting and the measuring laboratories is possible, requirement

ry. If prior
s about the

ple collection;-selection (of donors, location, or materials) and storage (sample holder, integrity of

sample and/of the container, temperature, light, UV) should be given. If information abo
ailable,~keep record of them (this information can be about the location of the sampl

ut samples
b, origin or
fying code

asspciated with them.

6 Transportation and storage of samples

If sample collection is made in a place other than the measuring laboratory, then samples should
be transported and stored under specified environmental conditions. These conditions should be
coordinated between the collecting and the measuring laboratories. Conditions of transportation and
storage of the sample may affect the integrity of the sample and also modify the quantity of paramagnetic
species or the nature of the paramagnetic species in the samples. Environmental parameters such
as light and other types of radiations (UV, X-rays, gamma), temperature, humidity, oxygen, sample
conditionings in water or disinfectant solution, for example, contamination (e.g. dust), may significantly
affect the nature and quantity of paramagnetic species in the samples. Therefore, specific attention
should be taken as to the conditions of transportation and storage to avoid or limit as much as possible
the influence of environmental parameters on the samples.

© IS0 2013 - All rights reserved
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If possible, the influence of these parameters on the radiation-induced signal line shape and intensity
should be investigated to establish the optimum conditions for transportation or storage and to avoid
unnecessary precautions. When samples are known to be sensitive to one or several environmental
conditions or the influence of these parameters or samples is not known, it is highly recommended that
precautions are taken so as to avoid conditions that could affect the samples.

Transportation conditions, including dates, ways of transportation, and mode of control of transportation
conditions, should be recorded. Appropriate sample packaging should always be used to prevent sample
physical damage.

Procedures to avoid X-ray exposure of the sample during airport controls should be implemented. The
dose at the|X-ray hand luggage control is of the order of the microgray, so it can be considered negligible
for some i&)plications. If not, when the sample is transported in hand luggage, then authorizatioifor
X-ray exenption should be obtained in advance in order to avoid hindrance at the airpoft secufrity
controls. Xtray dose to the hold luggage can be higher. For shipping, appropriate labelling*\(including a
note that the package contains radiation-sensitive dosimeters and, therefore, should not’be irradiated)
should be yised. When this is not possible, unirradiated identical control samples or desimeters shquld
be placed ip the package.

After the s and

humidity s

hmples are received, they should be stored under stable conditiong-and the temperature
hould be monitored and recorded. Exposure to light should always\be avoided.

7 Preparation of samples

Sample prgparation should be performed according to an established and explicit protocol.

For in vitro|
including:
disinfectio

and ex vivo measurements, sample preparation istisually needed to accomplish several g
hchieving a sample size that fits in the measurement tube; reducing anisotropy; ensu
h; eliminating paramagnetic impurities fromthe sample; drying the sample; and stabilij

als,
[ing
ring

the EPR signals.

When reqtiired, preparation of the sample can-be done by grinding, crushing, cutting, drilling
other mechanical treatments. During these“operations, sample overheating should be avoided u
water irrigation or other cooling systems. Metal contamination of the sample can be avoided by u
hard alloy [tools.

, or
ing
ing

ical
fion
bnts

As needed| sterilization, cleaning( deproteination, and/or delipidation are performed using chem
agents. Thermal treatment (ann€aling, freezing) can be used to accelerate or slow down recombina
of the radidals. Samples with significant amounts of moisture can be dried before the EPR measurem¢
to improve| signal-to-noise fatio.

bcol
EPR
that

The setup pf a protocelfor sample preparation shall include the evaluation of the effect of the prot
on the EPR|signals (dineshape and intensity) on the dose estimation, including whether it can induce
signals. When employing the additive dose method (see 10.2.1), it is very desirable to use protocols
do not affeft the\radiation sensitivity.

The protoc ; : > ity of
reagents, and the instrumentation used and its performance. All samples should be prepared following
the same protocol. Samples used for calibration have to be treated according to the same protocol as the
samples to be measured.

Any modification to the protocol should be noted and the influence of each modification evaluated (e.g.
power or frequency of ultrasonic bath, reagent quality).

All details of the procedures for each sample shall be recorded in a log of the history of the sample.

For measurements in vivo, there are no requirements for preparation of the samples. Depending on the site
thatis measured, there may be aneed to minimize moisture (especially when making measurements in vivo
in teeth) or to carry out some cleaning procedures (e.g. removing obvious particulate matter from nails).
Because of the limited ability to control environmental conditions fully when making measurements in

4 © IS0 2013 - All rights reserved
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vivo, itis highly desirable to always utilize a standard sample that is in place and with a known relationship
to the sample volume so that factors that affect the measurements (especially factors that affect the quality

factor of the resonator) can be detected and accounted for in the processing of the data.

8 Apparatus

8.1 Principles of EPR spectroscopy

EPRisa technlque that spec1f1cally and sensmvely detects unpalred electrons [tis based on the resonant

field is applied that mduces net absorptlon from transitions between spin states 1fthere is‘ay

to which the spin can flip. In a magnetic field, the different spin states result in different en
h the difference in the energy being proportional to the magnetic field. A transjtion bet

levels can be induced by an appropriate electromagnetic field.

Cur
CwW
eledtromagnetic waves by a sample in the resonator is detected. Typically, the resonant ¢
reathed by continuously changing the main magnetic field, while a.fi%ed frequency is apy
respnator. As a result, an EPR spectrum of absorption versus magnetic field intensity is obta
methods of EPR signal detection such as pulsed EPR, fast scan’EPR spectroscopy, etc. are

avajlable, but to date, these have not been shown to be more effective for dosimetry appli
CWIEPR. So, considerations on EPR dosimetry in this International Standard are restricted

altHough most of the guidelines would be applicable to other types of EPR spectroscopy.

rently, continuous wave (CW) EPR spectroscopy is usually used for EPR"dosimetry.

To improve the signal-to-noise ratio, modern EPR CW.:spectrometers employ high-frequenc

ic magnetic
acant level
brgy levels,
veen these

In an EPR

spectrometer, the resonance frequency is applied to a resonant structure and absorption of the

ondition is
lied to the
ned. Other
potentially
ation than
o CW EPR,

y magnetic

field modulation in combination with phase-sensitive detection. As a result, the original spectral line

is produced not in the form of an absorption.curve, but in the form of its first derivative.
speftrometers, the EPR signal is recorded~in digital form using a dedicated compute
speftrometers, the computer also is used\to control operation of the spectrometer, e.g.
megsurement parameters, tuning the résenator, acquiring the signal, saving the recorded s
disk, and preliminary spectra processing (such as digital filtering, baseline correction, etc.).

Depending on the magnetic field intensity and, respectively, the resonance frequency, th
banld frequencies are commonly-used for EPR dosimetry.

X-band usually is used\for EPR in vitro dosimetry because of a good compromise between
sample size, and séngitivity to the presence of water.

resonant absorption of the microwaves due to the presence of water in biological tissu
is mainly~Used in research connected with investigation of spectroscopic properties o
suitablexfor EPR dosimetry and has potential for being utilized for in vitro dosimetry. An
of Q-band is that only a small sample mass is required for measurements and spectral c
can be better resolved in comparison with lower frequencies. On the other hand, such spe

In modern
r. In most
for setting
bectrum to

e following

sensitivity,

L-band is used)mainly for in vivo tooth dosimetry because of the relatively low amoiint of non-

es. Q-band
[ materials
advantage
bmponents
Ctrometers

are ot widety avaitable, of terrare Tore COMpIex to USE, altd dy Tave d TOWeT Sigmat-to-

8.2 Requirements for EPR spectrometers

10ise ratio.

As EPR dosimetry often deals with small sample masses and low intensity signals, the sensitivity and
stability of the instruments are critical. Sensitivity and stability may be optimized by proper choice of
instrumental factors (such as selection of resonator, its tuning, and minimization of the microphonic
effects) and selection of the measurement parameters.

8.3 Requirements for the resonator

There are a number of different available designs in resonators, and therefore, it is important to choose
the one that is optimal for the particular type of materials used for dosimetry. Critical aspects include

© IS0 2013 - All rights reserved 5
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the sensitivity for the particular type of material, the available microwave power, and the potential for
placing the sample accurately in the most sensitive region of the resonator. Itis essential to systematically
monitor the sensitivity and the accuracy of the various settings, including the modulation amplitude.
While theoretical considerations should be used to decide on the approximate optimal settings, the
final tests should be actual measurements with each pertinent parameter empirically confirmed by
measurements in which the parameter (e.g. the modulation amplitude) is varied to find the setting that

gives the maximum signal-to-noise ratio.

8.4 Measurements of the background signals

l .. H ] . — = ent

EPR signal
tube for in
measurem
signal mea
the resona

The follow
and if the t

If a stable |
Carefully c

In the case
not have a
“micropho

vitro analysis. Therefore, it is essential that measurements of empty resonator and. en
bnttube be made under the same conditions as for samples used for dosimetry. The backgro
sured without sample tube may be used to ensure that the background is indeed ‘due to
[OT.

ng types of the background signal of the resonator and baseline variation may be obser
ype is identified, then one can more readily take proper actions to minimize its effect.

pty
ind
nly

red,

packground signal is observed, then the resonator or the sample ttibe may be contaminafed.

eaning of the resonator or the tube may diminish the effects of this type of background sig

where the background signal varies with repositioning orteinserting the sample and ¢
consistent nature as expected with a paramagnetic cortaminant, this is likely to be du|
hics”. This can occur with both low frequency (e.g. L<band) and X-band. Dosimetry o

requires th
micropho
is far from

at the system be pushed to the limits of sensitivity, which makes the system susceptibl
ic noise. This appears to be due to mechanical effe€ts, especially from modulation fields,

being fully understood. These effects sometimes'can be minimized by careful attention t

nal.

oes
E to
ften
e to
but
all

possible squrces of vibrations and rigidity in the physical components and careful electrical grounc
of all compjonents.

ling

8.5 Spe

trometer stability and monitoring/control of environmental conditions

The spectrpmeter should be allowed to reach a stable operating temperature in regard to both amb

gas. Note tha

Noise pick-up from electromagnetic fields may be encountered in some environments. It may be possible
to reduce such noise by shielding or perhaps by turning the noise source off if it is identified to be
generated by equipment near the spectrometer.

8.6 Baseline drift

Baseline drift is connected with stability of operation of the spectrometer. Baseline drift should be
minimized by optimization of operational conditions. Correction of the baseline drift effects on the
spectrum may be performed immediately after measurements with the use of the basic software of the
spectrometer, or it may be corrected during subsequent spectra processing of the radiation-induced
signal with the use of special software.

© ISO 2013 - All rights reserved
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Linear baseline drift: The use of very high modulation amplitudes can produce large eddy currents
in the sidewalls of the resonator. These currents can interact with the magnetic field to produce a
torque on the resonator and create a resonant frequency shift. A linear-field-dependent or modulation-
amplitude-dependent baseline is indicative of such an effect. This phenomenon should not be observed
if the resonator end plates are properly fitted and torqued.

Slowly and randomly varying baseline: The use of high microwave power or large modulation fields can
heat the resonator and the sample. The ensuing thermal drifts in the coupling of the resonator, as well
as the frequency of the resonator, can result in a fluctuating offset in the signal. Allow the turned cavity
and sample to come to thermal equilibrium before performing the final tuning of the cavity. Once the
resqnator is equilibrated and properly tuned under equilibrium conditions, one can start acquiring a
speftrum. Avoid air drafts around the resonator, as they can randomly change the tempergture of the
cav|ty and sample and hence the baseline of the spectrum.

9 |Measurements of the samples

9.1 General principles

The
meg
by s
tho
allo

9.2

9.2

The
reld
sub
ofr
on §

9.2

9.2
It i9
inse

9.2
powi
opt

goal is to measure the intensity of the radiation-induced signals-with uncertainties s
t desirable dose uncertainties. This requires appropriate conditions for acquisition of {
election of optimal measurement parameters. In some materials, signals may be present
be induced by radiation, which requires that the measurément procedure should be oj
w for minimizing the potential perturbation from such signals.

Choice and optimization of the measurement parameters

1 General

re are three groups of parameters for making measurements with an EPR spectrometer: n
ted parameters, magnetic field paranieters, and signal detection parameters. The

q

hdiation-induced signal from radiation-induced radicals as well as the overlapping signals.
pectrometer type, some of the measurement parameters may not be available.

2 Microwave-related parameters

2.1 Microwave frequency. It refers to the resonant frequency of the loaded microwave
dependent on.the operation band of the spectrometer, type of resonator, and propet
rted samples

2.2 Microwave power. The EPR signal intensity increases as the square root of the
ber in_the absence of saturation effects. Several microwave power levels should be tried
mal microwave power. Varying the microwave power produces effects on all EPR signals

fficient to
he spectra
other than
timized to

hicrowave-
im of this

clause is to provide a basis for proper selection of parameters necessary to record an EPR spectrum

Depending

resonator.
ties of the

microwave
to find the
. Influence

of mierowave power on the baseline drift is described in

8.6. The microwave

power should be properly

selected In order to achieve the highest ratio of "radiation-induced signal/signals from other sources”.

9.2.3 Magnetic field parameters

9.2.3.1 Magnetic field at resonance. The value of magnetic field at resonance is determined by the
microwave frequency. The centre of the magnetic field sweep is approximately 350 mT for a frequency
0f 9,8 GHz and an EPR signal with g-factor near 2,0 (main line of the radiation-induced signal). It is about
40 mT for L-band and 1 200 mT for Q-band.

9.2.3.2 Magnetic field sweep width. Magnetic field sweep width is determined by the type of dosimetric
material and sometimes also by the desire to record a standard sample (see 9.5). For example, if a marker
sample of MnO is recorded simultaneously with spectrum of the sample at X-band, a typical value of

© IS0 2013 - All rights reserved
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10 mT is used to record central part of the spectrum near g-factor equal 2,0 together with lines 3 and 4
of the standard.

9.2.3.3 Magnetic field sweep time. EPR signals are recorded with minimal distortion if the sweep time
through the signal’s peak-to-peak line width is at least 10 times longer than the receiver time constant
of the signal channel receiver low-pass filter (principles of selection for this parameter are described
below, in 9.2.4.2).

NOTE For undistorted recording of the radiation-induced EPR signal of tooth enamel in X-band (which has
approximately 0,4 mT in width), the sweep time should be setup to 125 and 250 times longer than the time constant
for a 5 mT and 10 mT sweep width, respectively. Typical sweep times are in the range between 20 s and 80 s.

9.2.4 Signal channel parameters

9.2.4.1 Re the

signal. Wit

feiver gain. It is convenient to have sufficient receiver gain in order to readily mistalize
h excessive receiver gain, the signal is clipped.

can
uch
ime

9.2.4.2 Tin
is too fast
that the tin

he constant of receiver. The time constant filter reduces random (white)-noise. If the s
for the chosen setting, the signal is distorted and reduced. The use of a‘time constant, g
he needed to scan through an EPR signal is about 10 times greater than'the length of the

constant, avoids such distortion.

9.2.4.3 Spéctrum resolution. Spectrum resolution is determined by the number of channels used by
the signal channel analog-to-digital converter (ADC) for spectral ac¢quisition. It should be selecteg to
have enough number of data points to resolve spectral features.itaportant for analysis. Typically, to

esolution of 0,01 mT and 0,005 mT for sweep width.0f*10 mT and 5 mT, respectively, 1 (024
e used.

provide a 1
channels a

9.2.4.4 Comversion time. It is the duration of acquisitionfor each channel. This parameter is chosen in
accordance with selected sweep time, which is defined’as a product of the number of channels used in
spectrum acquisition (spectrum resolution) and the ctonversion time of each channel.

9.2.4.5 Modulation frequency. The frequency‘efthe magnetic field modulation should be set as high as
possible tolachieve the best signal-to-noise ratio. Usually, the upper limit is set to prevent broadenirlg of
very narrov EPR signals at high modulationfrequency. In practice, most commercial EPR spectrometers
operate with 50 kHz or 100 kHz modulation frequency. For these values of modulation frequency, EPR
lines shall pe broader than about 0,002 mT or 0,004 mT, respectively.

1]

9.2.4.6 Modulation amplitude: Field modulation amplitude should not exceed the width of the EPR

signal. The
induced sig

9.2.4.7 Sw|

use of the higher‘values is not practical because it leads to broadening of the radiat
nal and reductiomof signal resolution.

on-

pep time andnumber of signal accumulations. In a perfectly stable laboratory environ

ent

and spectr
time const

pmeter, signal averaging and acquiring a spectrum with a long sweep (scan) time and a Jong
hnt aresequivalent. Unfortunately, such perfect stability is impossible to attain whether in|the
laboratory|or,An‘the case of in vivo tooth dosimetry, in the field. Slow variations in conditions result in
baseline drifts. A common cause of such variations is room temperature changes or air drafts aropund
the cavity. For aTong sweep time, the variation causes broad features in the spectrum. If the EPR signal
is accumulated with a sweep time short compared to the variation time, these baseline features could
be averaged out. The baseline drift causes only a direct current offset in each of the scanned spectra.
Improvement in baseline stability may be achieved through the use of short sweep times with signal
averaging when the laboratory environments are not stable. Alternatively, with the presence of a suitable
marker in each sweep (see 9.5), some of the drifts can be corrected by suitable software. Fluctuations
in the stability of the magnetic field and microwave frequency are usually compensated by built-in field-
frequency lock device in modern spectrometers.

9.2.5 Signal-to-noise ratio enhancement. EPR signal accumulation with averaging produces a
signal-to-noise ratio enhancement by square root of the number of accumulations. However, a large
number of scans coupled with long sweep times can be a disadvantage because of temporal fluctuations
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in spectrometer sensitivity, including the instability of electronic devices, microwave cavity quality

factor, and power output.

9.3 Sample positioning and loading

Reproducible positioning of the sample in the resonator is perhaps the most crucial factor for obtaining
reproducible and comparable results, and therefore, this aspect needs to be thoroughly documented

and the method for achieving it shall be quite robust.

For X-band measurements, the microwave resonator is characterized by a so-called worki
within ik QWave - - ig
Thegsample shall be positioned within the working volume, butthis does not guarantee alinedrg
between the sample mass and the EPR signal intensity because the sensitivity varies within t
volume. If the sample occupies a significant fraction of the working volume, there is unlikely tg
reldtion between sample mass and the signal intensity and an empirical nonlinear dependen
the [EPR intensity and sample mass should be used for normalization. Note that even with the

the [sample volume can be out of the linear range if the inner diameters of the sample tubes yj
casg, it is necessary to have a calibration relationship established for each.sample tube. B
linear mass normalization, it is necessary to determine by measuremehts the range of mas
particular type of resonator and for the sample tubes being used, withinvwhich the linear dep
EPR signal intensity versus sample mass is valid. Frequently, the sample tube placement is f
respnator on a special pedestal in order to improve reproducibility of the EPR measureme
cas¢, with a smaller sample, a further deviation from linear dependence between EPR intensit]
occlirs because the centre of the sample does not coincide with the centre of the resonator.

ALQ nthe d a on-oLm Q1A a eld andmaod a on-21mn dearee an a¥a

The equivalent of sample positioning for in vivo tooth dosimetry is the placement of the reson
tooth or teeth. This is a crucial parameter to achieve'feproducibility because the sensitive vo
resgnators in current use is a cone descending frem the loop that comprises the tip of the r
is egsential to utilize a sophisticated setup in which the position of the tooth in relationship t
or teeth is established by automatic positioning and support of both the resonator and the

subject. The most feasible method to have*comparable results between subjects is to have t
volyme of the resonator to be less than the volume of irradiated enamel and to have the reson
in ekactly the same position in regardto the surface of the tooth. If the sensing tip of the res
a wprking volume that is greater than the surface of the tooth, then an empirical relations}
estdblished between the dimensions of the tooth and resulting intensity of the signal for the

9.4 Microwave bridge tuning

Theg microwave bridge:should be tuned each time the sample is positioned, and each time thg
thefinternal standand’sample is moved, to compensate for any modification of the state of th{
for the drift of thespectrometer during a set of measurement of a sample. The tuning meth
operators should ensure the best reproducibility of the measurements. Tuning is performec
stages, at which resonance frequency is adjusted and critical coupling of the resonator is pel
modlernm spectrometers, this process may be automated. If parameters and conditions of me

ng volume,
nogeneous.
ependence
he working
be alinear
e between
bame mass,
ary. In this
efore using
ses for the
endence of
ixed in the
nts. In this
y and mass

ator on the
ume of the
bsonator. It
o0 the tooth
head of the
e working
htor placed
onator has
jip shall be
same dose.

b sample or
b sample or
od used by
| in several
formed. In
asurement

arenotchanged, and the same sample is used, it is more likely that reproducible tuning will b
but 0 COT e USe O (TdC TITOTITOT

d 0)\% dll dpPpPIroprid dInp

9.5 Use of standard samples as field markers and amplitude monitors

e achieved,

Fluctuations in the magnetic field/microwave frequency and spectrometer sensitivity can be monitored
and corrected for, where appropriate, by the use of appropriate samples. These can be measured at the
same time as the investigated samples or at a different time. Depending on whether the sample serves to
monitor the magnetic field/microwave frequency or sensitivity stability, it is respectively called a field
marker or an amplitude monitor.

Use of the field marker effectively replaces the need for independent measurement of the frequency
and magnetic field. The use of a field-frequency lock, which ensures the recording of EPR spectra of any
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sample in the same g-factor region (g-factor about 2,0), is extremely useful but, as with any apparatus,
its function needs to be verified periodically.

A sample containing Mn2+ (MnO in CaO or in MgO) is usually used in the EPR technique as a field marker
and an amplitude monitor. This can improve the analysis of spectra so that the position of the EPR
signal at the appropriate g-factor is ascertained. The spectral shapes are well known so that, with the
positioning established, processing of the data through appropriate software then is fully feasible,

including s

umming of repeated spectral acquisitions or subtraction of the background signal.

9.6 Monitoring reproducibility

[t is essen
operating

system ang

9.7 Proc

EPR sampl
when the s

Anisotropy
or speciallj

be summe
can be ave

Thesample

9.8 Codji

It is essentfial that every sample has a unique identifying number. All available information about

sample is 1

10 Determination of the absorbed'dose in the samples

10.1 Det¢

The radiati
This radiat
below the

positive anfd maximum‘egative amplitudes of the first derivative absorption curve known as “peaKk

peak” amp

The labor
intensity,

q:ther manual or computer-assisted.

ial to periodically make repeated measurements of standard samples to ensure thHat
onditions are as expected. The frequency of such monitoring depends on the stability of]

edure to measure anisotropic samples

es usually have oriented and crystal structure, and they are then usually anisotropic g
hmple is finely ground (e.g. grain size of few hundred microns).

of samples can be averaged by recording several sample spectra-at different angles (arbitf
i selected) relative to constant magnetic field direction. Subsequently, either the spectra
| after their g-factor normalization or the results of radiation-induced signal determina
faged.

canbeoriented atdifferentangles either manually or with'an automatically controlled goniomg

ng of spectra and samples

nked to this number. Each spectrum file-should be linked to the sample number.

rmination of the radiation-induced signal intensity

on-specific parameterof the EPR spectrum reflecting the dose response should be identif
ion-specific paratneter, to be defined as intensity, may be any quantity related to the ¢
microwave abSorption curve, i.e. the area itself or the difference between the maxin

itude.

ory shall implement and establish procedures for the evaluation of the radiation-spe

the
the

| the types of measurements that are being made, but it is always better to do more|than less.

ven

ary
can
Fion

pter.

the

ied.
rea
um
-to-

Fific

The purpose of this procedure is twofold:

a) toisolate the radiation-induced signal from other signals originated by other paramagnetic species
in the sample, the resonator, and the measurement tube;

b) todeterminearelation between the radiation-specific parameter and the absorbed dose in the samples.

The signal
a)

subtra

isolation can be performed by either

ction of the unirradiated from the irradiated sample spectrum, or

b) the best fit of the experimental spectrum to a simulated or a measured reference spectrum. For
instance, one can use high-dose experimental spectra as reference for the radiation-induced signal.

10
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The same procedure shall be used for all the samples.
10.2 Conversion of the EPR signal into an estimate of absorbed dose

10.2.1 Conversion of the EPR signal into an estimate of absorbed dose for in vitro dosimetry

The signal intensity obtained for a sample should be normalized by mass or sensitive volume of the
sample (See 9.3). When the signal is accumulated, then the intensity also needs to be normalized by
the number of accumulated scans. The intensity may further be normalized by an amplitude monitor
measured together with the sample in order to correct the sensitivity of the cavity. Sample absorbing

properties may influence the signal intensity. [rradiation of the samples in the course of;t
dosp or calibration method shall be performed with a calibrated radiation source such a$60

The signal intensity should be converted to the absorbed dose by the additive dose metho
calipration method.

Thegadditive dose method: The EPR measurements should be repeated severaltimes for the sz
aftgr each step of irradiation or for several aliquots of subsamples with different given dose

he additive
[0 or 137(Cs.

 or by the

me sample
5. The dose

response line or curve is obtained for the sample as a function of given\dose. The best-fit lije or curve

sholild be extrapolated to the zero ordinate. The distance between theorigin and the interse
dosg axis is the dose to be obtained.

The calibration method: A separate set of samples should be prepared and be given known
best-fit dose response line or curve should be obtained for.this set of samples. Assuming tha
response to dose is the same for this set of calibration samiples and for the investigated sa
shopld be estimated as the ones corresponding to the observed signal intensities on this cali
or durve. Alternatively, a material with a stable EPR:Sighal can be used as the calibration stal
caliprating with irradiated samples.

Caution should be paid:

to the time between irradiation and reading and to the storage conditions. These should be

a correction factor should be evaluated and applied. This procedure can be avoided if it is
the radiation-specific signal intensity is independent of time and of environmental conditio

when choosing charactetistics of the calibration beam (type, energy) and irradiation
(form of the samplesybuild-up material). In general, itis better to choose characteristics of
beams and irradiafien conditions that are as close as possible to the conditions in which
was irradiated. Usually in irradiation facilities, the delivered dose is calibrated in a media|
tissue) differént from the matter of the samples. Therefore, it is usually necessary to ey
apply dose-conversion factors to convert the delivered dose to absorbed dose in the samp

10.2.2 Gonversion of the EPR signal into an estimate of absorbed dose for in vivo tooth

Ction in the

doses. The
L the signal
ples, doses
ration line
hdard after

the same at

eachstep ofirradiation and for eachgalibration sample as for the sample to be investigated. Alternatively,

known that
hs;

conditions
calibration
the sample
(air, water,
aluate and
le medium.

Hosimetry

Thip réquires that procedures are established to achieve reproducible geometric relationsh

p between

the sensitive volume of the resonator and the tooth in vivo. To accomplish this, the resonator needs to be
designed specifically for the anatomical site and an apparatus to ensure accurate placement needs to be
developed for the specific purpose.

Because of the inherent difficulty in matching the geometry, it is essential that an intrinsic standard be
arigid part of the apparatus. This is then utilized as an intensity standard for calculation of the dose.
11 Measurement uncertainty

To be meaningful, a measurement of absorbed dose shall be accompanied by an estimate of uncertainty.
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Components of uncertainty shall be identified as belonging to one of two categories:

— Type A: those evaluated by statistical methods; or

Type B: those evaluated by other means.

The identification of Type A and Type B uncertainties is based on the ISO Guide to the Expression of
Uncertainty in Measurement (GUM). The purpose of using this type of characterization is to promote an
understanding of how uncertainty statements are developed and to provide a basis for the international

comparison of measurement results.

Jd 1

All identified

12 Inves

Doseinves
Dose inves

repetif

samplg
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tigation of dose that has been questioned

Figation may consist of (but is not limited to) the following steps:

ion of the sample measurement;

evalualtion of the possible deviation in the dose measurement procedure‘by comparison with of

s measured in the same time period;

contr

reques

Generally,
EPR spectr
investigati

Incorrect d
physical tr
itis recom
abnormal

black inclu
induced on

rneaszt

exposure of the sample with known dose;
ements of the control samples with the set of known deses;
t of additional information on the sample prehistory.

lose investigation can be done in three steps::analysis of sample conditions, evaluation of
a, and applied dose calibration. Below are.some recommendations on the process of the g
bns.

ose report can be caused by samplé alteration due to uncontrolled chemical contaminat
batment, or wrong sample weighting. If the sample with unexpected dose reading is availg
mended to visually inspect it.on the presence of any deviation from normal appearance,
olour, presence of foreign-inelusions, etc. For example, it is known that sometimes, car
sions in tooth enamel sample may have an EPR signal which can look similar to a radiat
e and can be mistakenly used for dose measurements. If this is the case, the inclusions

be manual
can be spli

y taken out of sample;’and EPR measurements can be repeated. The questioned sample
into parts and®heir EPR spectra can be compared. Another possible reason for abnorj

rigations should be conducted in case of unexpected dose reading or upon request of custoiner.

her

the
ose

ion,
ble,
e.g.
ous
on-
can
hlso
mal

(high) dos¢ reading is a-presence in EPR spectrum of the sample of some non-radiation signals which
can be responsible for.dose over-estimation. Most often, those signals are induced by mechanical st
(mechanicglly induced'signal), sample overheat during preparation, and/or by solar or UV. Mechanid

induced raflicals tah be stable over time and interfere with the radiation-induced signal. Consequ
the mechahical treatment of a sample should be minimized and performed as gently as possible.

ently,
]é‘he

signals in

€SS

ally

eed by mechanical stress and UV exposure are likely to be induced on the sample surfpace,

and therefore, chemical etching may counteract this effect, if the sample can tolerate such treatment.

Incorrect dose measurement can be also caused by EPR spectrometer malfunction or presence of some
foreign radicals in the resonator or sample tube with EPR signal(s) positioned nearby radiation-induced
signal. Therefore, it is recommended to measure EPR spectrum of empty resonator and empty sample
tube used for questioned dose measurement. Low radiation-induced signal intensity may be caused by
the presence of water in the resonator during measurements or wrong sample tube positioning in the
resonator. In this case, repeated EPR measurement can provide more accurate dose assessment.

Application of wrong dose calibration factor can be another reason for incorrect dose measurement.
The following steps are recommended to evaluate correctness of this: verification of radiation source
calibration, check of energy dependence of dose response in the specific sample, abnormally high or low
radiation sensitivity of questioned sample. Repeated control exposure with known dose from a properly
calibrated source can verify this part of the dose measurement procedure.
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Quality assurance (QA) and quality control (QC)

In-house quality assurance and quality control practices should be established.

In the case of EPR dosimetry, having in place quality assurance means that:

a)

there is a written manual which describes all elements of the EPR dose measurement

procedure

including, but not limited to, sample collection, sample preparation, EPR measurements, dose

determination, and uncertainty analysis;

b) the personnel have the necessary knowledge, experience, and qualification to perform EPR

‘)

d)

Gen
inv
med
vali
but

dosimetry work;

all equipment used for EPR dose measurements, including equipment that supports\the
process (e.g. for environmental conditions) having a significant effect on the accuracy ot
the result of the test, calibration, or sampling shall be calibrated before being put into se

the laboratory should have an established program and procedure for QA.

erally speaking, quality control (QC) emphasizes testing of procedures, materials, and
lved in dose measurements to uncover failures which can causé wrong or inacc
isurements. Typically, it is based on established quality contkol* procedures for mon
dity of tests and calibrations undertaken. In the case of EPR dosimetry, QC procedures nj
are not limited to, the following elements:

measurements of the same EPR standard samples (e.g»“weak pitch” or Mn2+ in some c
Ca0) at the same recording and environmental conditions;

assessment of the spectrometer sensitivity andsstability;

measurements of the empty sample tube uised for the dose measurements at the same
parameters as used for measurements of investigated samples;

estimation of the noise level in the EPR spectrometer;

multiple measurements of some-eontrol samples, e.g. known to be unirradiated (zero-da
and high-dose sample; constantmonitoringand recording of environmental conditions (te
and humidity) in the lab;

calibration of the microbalance(s) which is(are) used for sample weighting;

verification of ¢he sample radiation sensitivity if universal calibration curve usin
measurements;

participation in interlaboratory comparisons and proficiency testing;

establishment and periodic (annual or semi-annual) verification of traceability of th

measuring
validity of
rvice;

equipment
irate dose
toring the
ay include,

[ystals like

recording

se) sample
mperature

b for dose

e reported

deses to national or international standard. The laboratory establishes traceability

of its own

ibrations or

Thelink to

SI units may be achieved by reference to national measurement standards. National measurement

standards may be primary standards, which are primary realizations of the SI units
representations of SI units based on fundamental physical constants, or they may be

or agreed
secondary

standards which are standards calibrated by another national metrology institute. When using

external calibration services, traceability of measurement shall be ensured by the use of

calibration

services from laboratories that can demonstrate competence, measurement capability, and
traceability. The calibration certificates issued by these laboratories shall contain the measurement

results, including the measurement uncertainty;

maintenance of reviews’ records, including any significant changes in the procedures;
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— in case if QC data are found to be outside pre-defined criteria, planned action should be taken to
correct the problem and to prevent incorrect results from being reported. The laboratory should
have a policy and a procedure for implementing corrective action when nonconforming work or
departures from the policies and procedures in the management system or technical operations
have been identified. The procedure for corrective action shall start with an investigation to
determine the root cause(s) of the problem.

14 Minimum documentation requirements

The laboratory shall establish and maintain procedures for identification, collection, indexing, access,

filing, stor
and shallb
suitable en
shall be es
shall be he

The labor
to establi
period typ

the test or
shall inclu
calibration

informatio([n

In the case
may be req

All inform4
all par

all av
and f

in the
Availa
immed

results

14

b

I'EI

hge, maintenance, and disposal of quality and technical records. All records shall be leg
b stored and retained in such a way that they are readily retrievable in facilities that provi
[vironment to prevent damage or deterioration and to preventloss. Retention timesoftecq
Lablished. Records may be in any media, such as hard copy or electronic medid~All recc
d secure and in confidence.

ory shall retain records of original observations, derived data, and sufficient informa

cally not to exceed five years. The records for each test or calibration-shall contain suffic
to facilitate, if possible, identification of factors affecting the uncertainty and to en
calibration to be repeated under conditions as close as possible)to the original. The recq
e the identity of personnel responsible for the sampling,,pérformance of each test, anc
and checking of results.

of EPR dosimetry, minimum documentation shall ifaclude the following (additional recq
uired depending on the measurements that are being made):

ition related to the application of procedure frem sample collection to final dose estimat

hmeters related to the EPR spectra, sample-data (mass), and protocol for the dose calculat]

lable description of the samples that-were used for dose measurements, e.g. where, w
m whom they were collected;

ble information about irradiation in the past etc. Special code system which preve
iate direct identification ¢f'the donor and sample should be developed and implemented

of the appropriate’periodic sensitivity and stability tests.

ible
e a
rds
rds

fion

an audit trail, calibration records, staff records, and a copy of each test report for a defined

jent
hble
rds
| /or

rds

on.
jon;

en,

case of biological samples, available information on donor, e.g. age, gender, place of bilrth.

ents
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