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reword

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.
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Introduction

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) is an approach for
retrospective dosimetry of exposure to ionizing radiation in any situation where dosimetric
information is potentially incomplete or unknown for an individual. EPR is a tool for retrospective
evaluation of doses, pertinent as well for acute and protracted exposures in the past or recently. Doses
estimated with EPR were used to correlate the biological effect of ionizing radiation to received dose, to
validate other dosimetry techniques or methodologies, to manage casualties, or for forensic expertise

for judicial

authorities.

EPR dosim
electron sj
sensitively|
generation
were genel
the EPR sig
dose shoul

The most

with enamfel from teeth. EPR dosimetry is one of the methods of choice forTetrospective evalua

of doses to
accident ay

btry is based on the fundamental properties of ionizing radiation: the generation of unpa
ecies (e.g., radicals) proportional to absorbed dose. The technique of EPR specifically
detects the unpaired electrons that have sufficient stability to be observed after t
The amount of the detectable unpaired electrons is proportional to the totallamount
ated, and hence to the absorbed dose. These species can interact with microwayes genera
nal, and therefore the relationship between the intensity of the EPR signaband the radia
 be established.

bxtensive use of EPR in retrospective dosimetry has been with caleified tissue, especi

red
and
heir
that
[ing
[ion

ally
fion

the involved populations from the atomic weapon exposures in‘Japan, after the Cherngbyl

d radioactive releases of the Mayak facilities in the SouthernUrals.

This docu

samples by X-band EPR for dose assessment using documented and validated procedures.

minimum fequirements for reconstructing the absorbed dose in enamel, by defining precisely
technical aspects of preparing enamel samples, recording EPR spectra, assessment of radiation indy
EPR signal| converting EPR yield to dose and performingproficiency tests, are described. Retrospec
dose assessment using EPR has relevance in radiation‘éffect research, validating radio-epidemiolog
dosimetry systems, medical management, and medical/legal requirements.
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on “Use of
assessmen
reconstrugd

This document is compliant with 1SO 13304-1[2] with particular consideration given to the spe

needs of X4

ent provides a guideline to perform the ex vivo measurements of human tooth enamel

e information in this document is contained in other international guidelines and scien
s, primarily in the International Atomic Energy Agency’s (IAEA) technical reports se
electron paramagnetic resonance dosimetry with tooth enamel for retrospective d
1”[1]. However, this document expands and standardizes the measurement and (
tion procedures and the-evaluation of performance.

band EPR dosimetry/using human tooth enamel.
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Radiological protection — Minimum criteria for electron
paramagnetic resonance (EPR) spectroscopy for

re

trospective dosimetry of ionizing radiation —

Part 2:
Exvivo humam tootir emamel dosimetry

The

Scope

purpose of this document is to provide minimum criteria required for quality’assurance

[rol, evaluation of the performance and to facilitate the comparison ef - measurements
brbed dose estimation obtained in different laboratories applying exvivo X-band EPR sp
n human tooth enamel.

if document covers the determination of absorbed dose in tooth(enamel (hydroxyapatite)

er the calculation of dose to organs or to the body.

if document addresses:

responsibilities of the customer and laboratory;
confidentiality and ethical considerations;
laboratory safety requirements;

the measurement apparatus;

preparation of samples;

measurement of samples andEPR signal evaluation;
calibration of EPR dose.response;

dose uncertainty.and performance test;

quality assurance and control.

Normative references

fellowing documents are referred to in the text in such a way that some or all of th

hnd quality
related to
ectroscopy

It does not

pir content

con

titutes reauirements of this document Faor dated rnfornnr‘nc, onliz the odition cited

pplies. For

undated references, the latest edition of the referenced document (including any amendments) applies.

ISO/IEC 17025, General requirements for the competence of testing and calibration laboratories

3

For

Terms and definitions

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

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

[SO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/
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NOTE Definitions of terms used in this document that pertain to radiation measurement and dosimetry are
compatible with ICRU 60131,

31

air kerma
Ka

sum of the initial kinetic energies of all the charged particles liberated by uncharged ionizing radiation

per unit mass of air

Note 1 to entry: This quantity is recommended for calibrating the reference photon radiation fields and reference
instruments!4l.

Note 2 to eIJtry: The unit of the air kerma is given in gray (Gy), which is equal to 1 J/kg.

3.2
absorbed fose
D
quantity of ionizing radiation energy imparted per unit mass of a specific material

Note 1 to enftry: The unit of the absorbed dose is given in gray (Gy), which is equal to 1j/kg.

3.3
background signal
BGS
signal in the EPR spectrum not generated by ionizing radiation

Note 1 to erftry: The background signal (BGS) is not equivalent to the.signal component of the radiation indyiced
signal (RIS)|3.25), which is generated by environmental background radiation.

3.4
bias
deviation df results or interferences from the true value and the estimator

3.5
calibration curve
mathematical description of the dose respense relation derived by the in vitro irradiation (3.1€¢) of
tooth enanpel samples to known doses

3.6
confidence interval
range withlin which the true v/alue of a statistical quantity lies, given a value of the probability

3.7
decision threshold
critical valpie of a méasurand quantifying absorbed dose (3.2) in a sample above which exposure cap be
identified

3.8
detection Hmrit
smallest true value of a measurand quantifying absorbed dose (3.2) in a sample above which irradiation
can be identified with given probability

3.9

electron paramagnetic resonance

EPR

electron spin resonance

ESR

magnetic resonance technique detecting the net spin (magnetic moment) of unpaired electrons of
paramagnetic centres (3.22) in matter

Note 1 to entry: The terms EPR and ESR are 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 © IS0 2020 - All rights reserved
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3.10
EPR peak-to-peak line width
AB

p
dif?erence in the applied magnetic field values between the minimum and the maximum of the first

derivative of a single EPR signal

3.11
EPR signal

first derivative of the electron paramagnetic resonant microwave absorption of a specific paramagnetic

centre (3.22) measured as function of the applied magnetic field

Not¢ 1 to entry: The area under the absorption curve is proportional to the amount of unpaired
pardmagnetic centre. Hence, the amount of spins is proportional to the double integral of the EPR
signfal intensity) or the product of EPR signal amplitude and the square of the EPR peak-to-peakline

signal amplitude

-to-peak amplitude of the EPR signal (3.11)

signal intensity

tity proportional to the amount of paramagnetic centresthat generated the EPR signal

in vitro irradiation/measurement
irrgdiation/ineasurement carried out on tooth enamel samples outside the human body

Not¢ 1to.entry: The term ex vivo dosimetry refers to samples measured in vitro but were irradiate

spins of the
signal (EPR
vidth.

(3.11)
ignal by the
tre can also

hethod. The
Centre or by

hting from
blication of

of specific

l within the

humarn.body.

3.17

linear energy transfer
LET

dE/dl

quotient of dE/dI, as defined by the International Commission on Radiation Units and Measurements
(ICRU), where dE is the average energy locally imparted to the medium by a charged particle of specific

energy in traversing a distance of d/
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3.18

magnetic field

B

magnetic flux density (induction)

Note 1 to entry: SI unit Tesla (T) replaced the Gauss (G). 1 T =10 000 G.

3.19

microwave bridge
apparatus to generate microwaves that are provided to the microwave resonator and to detect
microwaves that were reflected at the resonator

3.20
microwav
resonator
confines th

Note 1 to 4
microwave

3.21

microwav
volume ins
the local s4

3.22
paramagn
species wif

Note 1 to enftry: Paired electrons have the same quantum state but opposite spin orientation; unpaired elect
a “partner” with the opposite spin. When the\unpaired spin is on a molecule, it is termed a radjical;

do not have
when the ur

3.23

quality as
planned an
or service

3.24

quality co
planned a
predeterm|

3.25
radiation
RIS

EPR signal

P resonator
for electromagnetic waves consisting of a metal box with appropriate dimensions
e electromagnetic fields in the microwave range and allows formation of standing waveg

ntry: For EPR measurement the sample is located inside of the microwaverresonator. The t
Cavity is equivalent to microwave resonator.

e resonator working volume

nsitivity does not decrease more than 25 % relative to theimaximal sensitivity at the cer

etic centre
h unpaired electron(s)

paired electron is in a solid, it is termed electron or electron defect (hole) centre.

surance
d systematic actions necessary to provide adequate confidence that a process, measurem
batisfies given requirementsfor quality

htrol
nd systematic actiens intended to verify that systems and components conform v
ined requirements

nduced signal

(3:11) resulting from paramagnetic centres (3.22) generated by ionizing radiation

that

erm

ide the resonator extending along the vertical resonator axis@around the centre, within which

itre

'ons

ent,

vith

3.26
reference

spectrum

unit EPR spectrum of a specific paramagnetic centre (3.22) used to evaluate the intensity of the EPR
spectrum of this centre in a sample under investigation

Note 1 to entry: The unit spectrum is reconstructed from EPR measurement of a sample containing the specific
paramagnetic centre or by mathematical simulation.

3.27

retrospective dosimetry

dosimetry

to assess dose coming from past exposures

© IS0 2020 - All rights reserved
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3.28
standard sample
sample used to verify the performance stability of the EPR spectrometer

Note 1 to entry: The EPR signal of the standard sample shall be stable to allow reproducible measurements over
extended periods.

3.29

tooth enamel calibration samples

tooth enamel powder samples prepared from whole teeth exposed in vitro to defined absorbed doses
(3.2) or from unexposed teeth with in vitro exposure of the powder to calibrate the RIS dose response

4 |Apparatus

4.1 Specifications for EPR spectrometer

Thd specifications of the apparatus provided by the manufacturer include

a) [sensitivity,

b) [range of frequency and power of the applicable microwaves,

c) [range and stability, scan range and spatial homogeneity of the applicable magnetic field,
d) |magnetic field modulation amplitude and frequency, and

e) |unloaded quality factor (Q value) of the microwaveresonator.

4.2| Spectrometer sensitivity

Commercial X-band EPR spectrometers Have typically the sensitivity (indicated by the minimum
detgctable spin number/signal half-width) of less than 1 x 1014 spins/TI2l. This correspdnds to the
amTémt of CO,-radicals generated im\300 mg of tooth enamel by absorbed radiation dose ¢f less than
1 mGylel.

4.3| Microwave bridge

The frequencies of microwaves provided by X-band microwave bridges from different suppliers are in
the[range of 9 GHz to10/GHz depending on the types of attached microwave resonators. A microwave
bridge equipped with/an auto frequency control (AFC) is recommended. The maximal powgr provided
by microwave bfidges lies typically in the range of 100 mW to 200 mW. For EPR measuremg¢nt of tooth
enalﬂqel, the migrowave bridge should be able to provide microwave power from 0,5 mW to 25 mWI[Z,

4.4| Magnetic field

F madaciiuaxaant of £ ¥ L Fodio oo oot £1o1d (oo L0010 o oo 1 d 1 o o 1 th t
ormeastrenretotrtoot i ehiamert1re-Static Trag e trCTICTO (eI CTCTa)—STrioura oSt toa v ue atl1s

equivalent to a Landé factor of g = 2,00 (350 mT at microwave frequency of 9,8 GHz). Typical values for
the magnetic field scan range from 5 mT to 10 mTIZ],

The resolution of applied magnetic field, its stability over time and homogeneity over sample volume,
determine the maximal degree of the EPR signal distortion (variation of signal line width). With up-to-
date EPR spectrometers, values for field resolution, stability per hour and homogeneity over sample
volume are all better than 5 uT. Hence, an EPR line with width of 0,5 mT, as e.g.,, the g, EPR signal
component of the CO,-radical in tooth enamel can be recorded with distortion of less than 1 % for
several measurements within one hour.

EPR spectrometers exist with maximal values of the field modulation frequency of 50 kHz or 100 kHz.
For measurement of tooth enamel, maximal available modulation frequency should be used with typical
values of the field modulation amplitudes in the range of 0,15 mT to 0,5 mT[I[Z],

© IS0 2020 - All rights reserved 5
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4.5 Microwave resonator

A microwave resonator is characterised by its resonance frequency and the unloaded quality factor,
Q, (2mstored/lost magnetic energy), which contributes linearly to the spectrometer sensitivity.
For measurement of tooth enamel, typical unloaded Q values of resonators are in the range 2 000 to
10 000!8l,

The coupling of microwave power to the resonator shall be tuned before the start of each measurement.
NOTE High Qresonators containing dielectric materials can resultin additional intrinsic signals. Detrimental

effects of the additional signals on the RIS can be reduced by subtracting a measured empty tube spectrum from
the sample §pectrum priorto dose evaluation.

5 Preparation of tooth enamel samples

5.1 General

For dosimdtry, tooth enamel should be prepared as powder samples. The same. preparation conditjons
shall be used for analyzing samples in case of suspected in vivo exposure as{for’'samples with in vjitro
exposure ysed for establishing a calibration curve.

The exact protocol for preparing tooth enamel powder samples shall béestablished by each laboratory
considering the following aspects as listed belowl:

a) Teeth should have been sterilized after extraction (see 13.5),:t0 avoid infection of the operator.

b) Before|cutting the crown, fat adhesion should be removed (e.g., with acetone) and, if dry teeth|are
used, they should be soaked in deionized water for atleast one day to soften the dentine.

c) All cutiting and drilling should be done with low. speed and/or water cooling to avoid overheatfing,
which can generate additional EPR signals.

d) Cutting-off the root with dental rotating.Saw blade and removing diseased (dark) parts from|the
crown|surface by dental drill. Dark parits can have additional EPR signals.

e) Optional washing of the crown (esgy*'with 0,1 mol/l Na,-EDTA solution) to remove potential metal
contarhination on the crown surface.

f) Dentinle shall be removed,.by)drilling or optionally by its softening and denaturation by treatnfent
in ultrpsonic cleaner with-aqueous alkaline solution (5 mol/I to 10 mol/l NaOH or 2 mol/1 KQH),
followed by further remeval with a drill. Residual dentine reduces EPR measurement accuracy.

g) Enamdl fragments;should be powdered by mortar and pestle to reduce EPR spectra anisotropy

h) Optioral etching of enamel grains, e.g., acetic acid with 20 % (volume fraction) to remove poterjtial
surface defe€ts generated by grinding.

i) In orderTtoTEMOVE WAteT fTOMT the SAIMpies, grains stoutd be wasied withretitarnot prior to darying.
Residual water in the sample reduces sensitivity of EPR measurement.

j)  Selecting samples with defined range of grain size by sieving, (see 5.2).

k) Storage of samples in sample containers in darkness at room temperature to avoid UV generated
EPR signals.

1) After irradiation and before first EPR measurement samples shall be stored at room temperature
for 15 days, or at 60 °C for 10 h, or at (90 to 95) °C for 2 h in order to eliminate transient EPR signals
induced during irradiation(212],

NOTE Treatment of the tooth crown with aqueous alkaline solution improves visibility of the enamel-to-
dentine interface and facilitates dentine removal.

6 © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=42c71e6780d7e62ceb6f635c11bb7633

5.2

1SO 13304-2:2020(E)

Applicable grain size

Enamel powder samples are typically prepared with grain size in the range of 0,1 mm to 1 mm.

The grain size should be larger than 0,2 mm if the additive dose method is used for dose calibration or
the calibration curve is reconstructed by in vitro irradiation of powder samples (see Clause 8).

NOTE

The typically used range of grain size was considered as a compromise between decreasing isotropy

and increasing intensity of the CO,” EPR signal with increasing grain sizelll. The distribution of grain size is kept
constant in order to minimize variation in packing density of the enamel powder and hence in the EPR signal

intensity.

6 |Measurement of the EPR spectrum

6.1/ Description of spectrum

Theg EPR spectrum of irradiated tooth enamel consists, in a first approxgimation, of twf¢ principal
conjponents - the background signal (BGS) and the radiation induced signal (RIS). These fignals are
oveflapping (see Figure 1). The asymmetric RIS with g, = 2,001 8 and\g( = 1,997 1 (signa] maximum
at g|= 2,003 2 and minimum at g = 1,997 1) is derived from stable COy>~radicals. The peak-tp-peak line
width, AB,,, (RIS,g ), of the g, signal component is 0,5 mT. The peak-to-peak line width, AB, (BGS), of
the|BGS at g = 2,004 6 is 0,9 mT. The intensity of RIS is proportional to absorbed radiation Eose and is

use

1 for dose determination.

Y

I )
AB,, (RISg )

20 |-

10 -

——

N
ABpp (BGS) ~i

104 i

g
-20 | BGS Jpis | s, 1 .

Key
X
Y

348 349 350 351 352 353 X

magnetic field, B [mT]
EPR absorption/dB, [a.u.]

Figure 1 — Example of an EPR spectrum of an enamel powder sample (grain size 0,1 mm to
0,6 mm) with absorbed dose in enamel of 1 Gy (bold line). The shown components of the BGS

(dashed line) and the RIS (solid line) are simulated powder spectral10!
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6.2 Applicable measurement parameters and conditions

6.2.1 General

EPR measurements shall be performed at room temperature. The selected values of the measurement
parameters and conditions listed below shall be kept fixed for all measurements used for analyzing
samples in case of suspected in vivo exposure as for samples with in vitro exposure used for EPR

signal-to-absorbed dose calibration.

6.2.2 Microwave power

The EPR signal amplitude A increases with supplied microwave power P to the microwave resong
which can pe approximated by Formula (1), with proportionality factor ¢ - depending on spectbom

tor,
bter

and measurement parameters -, signal broadening parameter b - ranging from 2 for homegeneously to

1 for inhor
sample prd

A=cP

The actual
of sample g
fitting witl
(>1 Gy) and

In dosimet
higher tha
seeking to
reproducih
BGS intens

Typical values of applied microwave power are.2 mW for high-Q cavities and 10 mW to 25 mW for ot

cavity type

6.2.3 M3

The value
measurem
of the RIS 4§

CF [mT

NOTE ’

6.2.4 M3

hogeneously broadened EPR signals - and microwave saturation power P, t depending
perties and microwave resonator quality factor Q[11,

12/(1+P/Pg, )P

values of the microwave saturation power P, of the RIS and BGS for a specific combina
reparation procedure and type of microwave resonator shall be’determined by least-sqy
W Formula (1) of measured EPR signal-to-microwave power response curves from expd
unexposed samples.

ry with tooth enamel, applied values of incident microwave power are generally cle
h saturation power for the BGS and slightly higher than the saturation power of the
minimize the BGS signal contribution and maximize the RIS contribution with best sig

jtyl8l,

slZl,

gnetic centre field
of magnetic centre fi€ld~(CF) represents the centre of the magnetic field sweep.
nd can be determified from the microwave frequency v using Formula (2).

| = 71,45V [GHZ]y2,002

'he magnetic centre field is 350 mT at microwave frequency of 9,8 GHz.

y on

M

[ion
are
sed

hrly
RIS
rnal

ility. The optimal microwave power can be-approximated as double the power at maximal

her

For

ent of tooth enamel it'shall coincide with the field of resonance of the g, = 2,001 8 component

(2)

gnetic field sweep width

The field sweep width (SW) shall include at least the entire tooth enamel EPR spectrum covering 5 mT.

If a MnZ*:MnO standard sample is recorded simultaneously with a tooth enamel sample, SW is typically
10 mT covering the 34 and 4th EPR lines of the Mn2* spectrum.

NOTE

around the centre field CF.

6.2.5 Magnetic field sweep time

The SW value set in the spectrometer control results with most spectrometers in a sweep of +SW/2

An EPR signal is recorded with negligible distortion if the time needed to pass the peak-to-peak line
width is at least 10 times longer than the time constant (TC) of the signal channel receiver low-pass
filter (see 6.2.6).
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The minimal field sweep time (ST) for measurement of tooth enamel can be determined from selected
field sweep width SW (see 6.2.4) and the signal channel time constant TC and the 0,5 mT peak-to-peak

line width of the g, component of the RIS using Formula (3).

ST [s] = TC [ms]-SW [mT]/50 3)
Typical ST values are in the range of 20 s to 80 s[12],
6.2.6 Time constant of signal channel receiver
Thetime constant (ITC) of the low-pass I1lter from the signal channel receiver reduces randpm (white)
noige in the measurement signal. The choice of TC shall be compatible with the peak-to-pealq line width
of the recorded EPR signal and the choice of magnetic field sweep width (SW) and time\(ST) [(see 6.2.5).
Typlical values for TC are in the range of 20 ms to 700 ms[12l,
6.2)7 EPR spectrum resolution
Resplution of the EPR spectrum is given by magnetic field sweep width divided by the [number of
chapnels of the analog-to-digital converter (ADC). When 1 024, chdannels are used, th¢ resulting

res¢lution is 10 uT and 5 pT for sweep width of 10 mT and 5 mT, respectively.

NOT
if th)
co,

6.2

Thd
par
of c

E The resulting spectrum resolution ensures negligible distortion of the EPR signals from t
e resolution is better than approximately, 170 uT, one third of the 0,5 mT wide g, EPR signal comp
—radical.

8 Conversion time of spectrum acquisition

conversion time (CT) is the duration of.Signal acquisition for each channel of the
hmeter is related with the magnetic field sweep time ST (see 6.2.5), which is a product of t
hannels of the ADC (see 6.2.5) and CT.

Typlical CT values are in the range of20~ms to 160 msll.

NO1
mul
by d

6.2

The
The
wi
mo

For

E For some spectrometer ‘types, CT is set as an independent parameter and sweep time S
fiplication with the number©fADC channels, at others ST is set as an independent parameter an
ivision with the number of channels.

9 Magnetic fielddhodulation amplitude

amplitude ofjan EPR signal increases with the applied magnetic field modulation ampl
maximal signal amplitude exists if MA is approximately twice the EPR signal peak-t
h, but results in the approximately doubling of the line width. Negligible line broadeni
ulation.amplitude is less than one third of the peak-to-peak line width.

oth enamel
onent of the

ADC. This
he number

" results by
d CT results

tude (MA).
-peak line
hg exists if

doesimetry with tooth enamel, MA values shall not exceed the 0,5 mT peak-to-peak line W

ridth of the

g, component of the RIS.

Typ

6.2.

ical MA values are in the range of 0,15 mT to 0,5 mTIZl.

10 Number of spectrum accumulations

Signal averaging by multiple spectrum accumulation with number N of magnetic field scans reduces
signal-to-noise ratio from high-frequency (white) noise proportional to VN, and additionally reduces
the spectrum base line drift (low-frequency noise). The number of scans can be chosen independent of
other spectrum recording parameters.

Typical numbers of scan accumulations are in the range of 20 to 120121,
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6.2.11 Sample positioning and loading

Samples shall be measured inside of identical sample tubes made of suprasil or fused quartz glass
typically with inner diameter in the range of 3 mm to 5 mm. Suprasil quartz has fewer paramagnetic
impurities.

Most typical average sample mass is 100 mg. Sample mass shall range from 40 mg to 200 mg. For doses
higher than 10 Gy, the sample mass can be lower.

Reproducible positioning of the sample tube in the microwave resonator is required for obtaining the
best measurement reproducibility. Reproducible depth of insertion of the sample tube in the resonator
can be aclieved with the help of a pedestal-stick mounted from the bottom of the resonator_pr a
mounting ¢lip at the tube.

The insertion depth of the sample tube in the resonator shall be selected such that the centre‘ofa sample
with averaLe sample mass coincides with the centre of the resonator in order to achieve maximal EPR
signal intensity.
6.2.12

Dependence of EPR signal intensity on sample mass

nal intensity increases non-linearly with sample masslil. The EPR“signal intensity shalll be

The EPR sf
by mass for use in dosimetry.

normalize

Mass normalization can be approximated linearly (division by sample.mhass) with deviation to lineafrity
of less tham approximately 6 % if sample volume does not exceed-tlie working volume of the resonstor

(see NOTE
sample ma|

The exact

in 6.2.12)[13], Furthermore, linear mass normalizatiomis appropriate if approximately s
ks with only small variation as, e.g., (100 + 10) mg is,used for all measurements.

non-linear relation s(m) between EPR signal\intensity (s) and sample mass (m) shal

Ame

be

determine(l for the actual resonator and sample tube ifyuse from measurements of an exposed (>1
tooth enanjel sample with increasing sample load of the glass tubell3l,

Gy)

ear
At a

Non-linear| correction for linear mass normalization can be achieved by multiplying the lix
normalized signal intensity by a correction\factor s(m.¢)/s(m), with the signal intensity s(m,.)
reference hass m_of, e.g. 100 mg.

Caution is
mass is val
relations s

needed that the determiped non-linear relation between EPR signal intensity and sample
fid only for the specific inner diameter of a type of sample tubes. For other diameters, spe¢ific
nall be determined.

NOTE ]
standard X-
tube axisl1l.

 for
hple

the
ime
tors

'he microwave resonator working volume is localized in the centre of the resonator and extend
band resonators typically approximately #5 mm from the centre along its vertical and the saf
In rectangular’resonators, the EPR sensitivity along the vertical axis decreases proportionally td
square of tHe cosine. t\i§ approximately 75 % of the maximal sensitivity at the borders of the working vol
and 25 % af 10 mm-from the centre. The extension of the working volume inside of dielectric high-Q resond
can be smaljer[14K

6-2-13 ch Uf Dtdllddl d Ddlllpltb

Standard samples are used as a magnetic field marker and monitor of the EPR spectrometer sensitivity
in order to correct magnetic field position and intensity of measured EPR signals.

Samples containing Mn?*:MnO in CaO or MgO, or Cr3+:Al,03, or pitch samples can be used as field
markers and sensitivity monitors.

The use of a field marker sample replaces the need for independent, more precise measurement of the
microwave frequency and magnetic field position with external devices. The magnetic field position of
a marker signal can be used in spectrum processing as reference for the field positions of RIS and BGS.

A sensitivity monitor sample is used to correct for day-to-day sensitivity variations of the spectrometer.
The frequency of measuring a monitor sample depends on the actual stability of the spectrometer and
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environmental conditions. The sensitivity monitor sample can be measured simultaneously with each
enamel sample, or prior to and after each sample. The sensitivity monitor shall be measured at least
twice per day, i.e., prior to and after the series of measurements for the day. Sensitivity corrections
(normalization by monitor intensity) for measurements are recommended if observed variations in the
standard sample intensity are larger than repeatability of its measurements.

NOTE If standard samples are placed within the cavity and are measured simultaneously with the
investigated samples, they are called internal standard samples. External standard samples are measured prior
to/after the investigated samples at the same position inside of the resonator.

6.2.14 Number of measurement repetitions

Thd
of t
oft

Red
the
may

NO7
extq

uncertainty of the RIS intensity of an enamel powder sample due to the anisotropic EP
ne individual grains shall be reduced by averaging repeated measurements performed af
he sample in the sample tube or turning the sample tube in the resonator.

ommended are at least three repeated measurements, with shaking of theysample twice
sample tube twice by 120°. In case of large grains (approaching 1 mm) morerepeated med
' be necessary to average the signal anisotropy.

E Tooth enamel is crystalline, and EPR signal position and intensity depend on the orient

sa

can pe further averaged by repeated measurements after rearrangément of the powder grains in the

rnal magnetic field relative to the crystal axis. This anisotropy is widely averaged out by measu
les containing numerous randomly oriented small crystals. Reaining anisotropy of the pow

R response
fer shaking

or turning
surements

ation of the
ing powder
Her samples
sample tube

or thirning the sample tube in the resonator. Subsequently, either the spectra can be summed after their g-factor

normalization and baseline correction or the results of RIS intensity from each measurement can be

7

7.1
Thd

peak-to-peak amplitude, 4, of the g scomponent of the RIS.

Assessment of the RIS intensity

General

RIS intensity of tooth enamel isevaluated as multiple, I, to a RIS reference spectr

Thd

ord

For
bas

Spe

ena
In J:neral, evaluation of(RIS intensity or amplitude requires mathematical processing of thd

el sample when absorbed'dose was larger than approximately 500 mGy11(8],

br to consider interferences with the BGS[A.

spectrum processing, the magnetic field positions of all evolved EPR spectra shall be
s of measurements of field marker samples, or microwave frequency and magnetic field.

ctra processing protocols for assessment of the RIS intensity may include either:

EPR spectrum fitting. Assessment of the RIS and BGS contributions in the EPR spect

averaged.

um or the

peak-to-peak amplitude A might be measured directly at the measured EPR spectrum from an

spectra in

aligned on

rum under

an:\]vmc hv flfhnc with reference spectra for RIS and BGS, which were reconstri

cted from

or

analytlcal or numerlcal functions, or measured spectra. The intensity of the RIS from the analysed
EPR spectrum results from the fitting routine as multiple of the RIS reference spectrum[10][15] to[20],

EPRspectrumsubtraction. Subtraction ofareference BGSsignalreconstructed from measurements
of unexposed enamel samples from the EPR spectrum under analysis. The intensity of the RIS is

evaluated as amplitude A of the RIS from the difference spectruml[1l,

The exact protocol for assessment of the RIS intensity shall be established by each laboratory
considering the following critical aspects of spectrum fitting and spectrum subtraction as listed below:
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Critical aspects of spectrum fitting:

a) Fitting can be performed by minimizing the squared difference between experimental and
simulated spectra using the linear or non-linear least-square method.

b) With application of the linear least-square method, the amplitude parameter of components
(reference spectra) is varied for fitting.

c¢) With application of the non-linear least-square method, the amplitude parameter of the components,
as well the parameters magnetic field shift and EPR line width, can be set as variable for fitting.
In this case, temporary magnetic field fluctuations, which may have occurred during spectrum
recording, can be considered.

d) The simulated spectrum is composed of at least two components describing the RIS @nd BGS.
Furthgr components might be included for improved description of background signals:

e) In the fitting routine, spectra components are used in numerical form, which canbe’realized from
component presentations in analytical or numerical form.

f) Spectrp of components of the BGS and RIS in numerical form can be obtained from measyred
spectrp of unexposed enamel samples and highly exposed (>10 Gy) samples, Tespectively.

g) Spectrp of components of the BGS and RIS in numerical form can be obtained from simulation
softwgre for EPR powder spectra using theoretical or empirically evaluated parameters| for
g-values, EPR line width, and shape of the RIS and BGS.

h) Descriptions of RIS and BGS in analytical form are the suin.of 1st derivatives of Gaussian and/or
Lorentjzian functions with theoretical or empirically evaluated parameters for g-values, EPR [line
width pnd shape of the RIS and BGS.

Critical aspects of spectrum subtraction:

— The BGS signal used for subtraction shall be-of average intensity, line width and shape for|the
sampl¢s under investigation.

— An avgrage RIS can be obtained from“measurement of mixed enamel powder prepared frorh at
least three teeth or as average spetctrum from individual measurements of samples from at l¢ast
three teeth.

— With spectrum subtractionsthe intensity of the average BGS might be manually adjusted in orddr to
achievp most flat baseliné-beside the RIS.

7.2 Intrinsic EPR signals from microwave resonator and sample tube

The EPR spectrumief the empty sample tube may contain stable signals due to paramagnetic cenfres
from impyrities-in the resonator or the material of the sample tube and variable pulses dug¢ to
microphonlic noise.

The stable component of the empty tube EPR spectrum can be controlled and/or assessed as the average
spectrum from several measurements during a day or even within several days.

If stable EPR signals exist at the position of the RIS, the empty tube spectrum shall be considered in the
spectrum processing protocol.

NOTE Microphonic noise can result from mechanical vibrations, sonic waves or ventilation at the location of
the microwave resonator.

8 Irradiation of tooth enamel calibration samples for low linear energy transfer
(LET) exposure

This applies to the calibration of the RIS dose response for the exposure of teeth with photons.
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The samples shall be irradiated as whole teeth or enamel powder with grain size larger than 0,2 mm.

The irradiation may be performed with a calibrated radiation source with ¢0Co or 137Cs isotopes. The
use of X-ray sources with acceleration voltage below 300 kV is not recommended. High MV X-rays can
be used for calibration.

The applied calibration dose values shall be in units of absorbed dose in enamel (hydroxyapatite).

The calibration dose in other units delivered by the calibration source shall be converted to the
unit of absorbed dose in enamel. The dose conversion coefficients are dependent on photon energy
(ISO/ASTM 51261)[21],

At iIrradiation, secondary electrons equilibrium should be assured. To insure electronie
for

sanj

Wit
sou
[Z1[4

NO'
bety

Ali
dos
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dev]
rad
toi
dos

For
san]

Thd
Iyis

Thd

rradiation in air with gamma-rays from 60Co or 137Cs isotope sources, it is recomimen
ples in PMMA or Aluminum containers with wall thickness of 5 mm or 2,5 mm, respectiy

h use of ©0Co or 137Cs isotopes, the calibration dose in units of air kerma delivefed by the

I'ce shall be converted to the unit of absorbed dose in enamel with the dose'conversion fac
2]

E When grain size of enamel powder was larger than 0,2 mm, no significant difference w,

Conversion of the RIS intensity into an estimate’of absorbed dose

hear relation, see Formula (4), between the RIS intensity, Iys, from tooth enamel and th
e D in enamel is assumed for the estimation of absorbed dose, with the dose calibration f]
LPR signal bias b. The assumption of linear EPRsignal to dose relation is valid up to 1
jation of less than 0,5 %241, The EPR signal bids b can result from unknown exposures fr
ation and medical applications and/or canbe caused by the spectrum processing pro

e values from approximately 20 mGy. to'300 mGyl[23],

IR]S = b + C'D

evaluation of absorbed dg¢se'in enamel of a sample, the signal intensity, I;s, shall be nor
ple mass (see 6.2.12) andyan amplitude monitor (see 6.2.13).

absorbed dose D;(f an individual sample may be evaluated from the individual signa3
L, using Formulad5) with individual dose calibration factor, c;, and an EPR signal bias, b;.

D; = URls,i <b7c;

individual dose calibration factor c¢; may be estimated or approximated with the

iquilibrium
d to place

rely[l] [22],

calibration
tor 0,993[1]

hs observed

veen the RIS response from irradiated powder and powder prepared from irradiated whole teeth[21[22][23],

 absorbed

hctor ¢ and
D0 Gy with
pm natural
redure due

ncomplete elimination of the BGS contribution. Values of the signal bias are typically equivalent to

(4)

malized by

| intensity,

(5)

additive dose method: this method is most time and labour consuming and destroys

fhe sample

with irradiation to high dose, but is effective when sensitivity variation is of concerned, or

b) one point calibration: fastest but least accurate method, which has limited use e.g. for high absorbed
dose above 1 Gy, or

c) dose calibration curve: most frequently used method, which does not destroy dose information in
the sample.

The individual EPR signal bias b; cannot be evaluated with any of the methods but only approximated
as average value from a dose calibration curve.
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The exact protocol for RIS intensity-to-absorbed dose conversion shall be established by each laboratory
considering the following critical aspects of the different procedures as listed below:

Additive dose method. Provides an estimate of the individual dose calibration factor, c;. The sample
is exposed additionally to several doses from a calibration source. The absorbed dose in the sample
is estimated as intercept point of the applied dose axis and the linear regression line of the signal-to-
dose relation with slope c;. The estimated dose D for the sample is the individual dose, D;, increased
by a dose value equivalent to b;/c;.

One point calibration. Provides an estimate of the individual dose calibration factor, c;. The sample
is exposed additionally with one large calibration dose, D, from a calibration source. The individual
dose cplibration factor is estimated from the original RIS intensity, Ip|g;, and the intensity-after
calibrgtion irradiation, Iyg (D), as ¢; = (Ipisi(Do) - Iris,)/D.- The absorbed dose in the sarpple is
estimgted as D = I ;/c;. The estimated dose, D, for the sample is the individual dose, Dgincregsed
by a dgse value equivalent to b;/c;.

Dose dalibration curve. Provides an estimate of an average dose calibration factor) ¢, and averfage
EPR signal bias, b. Sets of various teeth or mixed enamel powder prepared fromyvarious teeth|are
exposégd to several doses from a calibration source in order to establish a RIS'signal intensity-to-
absorhed dose calibration curve. Dose calibration factor c and EPR signal bias, b, are evaluated ffom
linear pegression analysis of the calibration curve. The individual abserbé&d dose, D;, in a sample is
evaluated with Formula (5) using the average dose calibration factor, ¢,and average EPR signal bias,
b. The yariation of the individual dose calibration factors, c;, relativetto the average, ¢, is given by|the
individual radiation sensitivity of enamel samples, which varie@by 10 %26,

NOTE Typical annual dose contribution from environmental background radiation is approximately 1 nlGy.

10 Calcullation of uncertainty on dose estimate

In line with ISO/IEC 17025, the resulting estimated-dose represents the best estimate possible given
the associgted dispersion, which arises from the experimental and intrinsic uncertainties. It is fhus

necessary fo estimate measurement uncertainty-using appropriate methods.

The genergl procedure for assessing uncertainty relies on formal combination of all the sourcef of
experimenal uncertainty (ISO/IEC Guidle 98-3)[27]. In brief, the relationship between the dose and|the
input quantities should first be clearly defined, the sources of uncertainty relevant to the particular ¢ase
should be iflentified and quantified, then the combined uncertainty should be calculated (ISO 5725-1)[28].

1]

The recommended methodolégy to calculate uncertainty on absorbed dose in the context of the EPR

dosimetry with tooth enamebis defined below.

In practice|the usual method used to estimate the uncertainties on the dose is to combine the confidgnce
limits on the frequengy with the uncertainties on the calibration coefficients (ignoring the covarignce
componen{s). However, the uncertainty associated with an assessment varies widely depending ¢n a
large numberof(factors as listed below. As such, it is recommended that the uncertainty is asse4sed

according fo‘the above procedure on a case by case basis.

14

Sample preparation.

Sample mass normalization at measurements.
EPR measurements.

Spectrometer noise.

Sample positioning.

Spectrometer stability.

Spectrum processing.
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EPR signal to dose conversion.
Calibration of EPR dose response

Calibration gamma source.

Calibration curve - uncertainty may be determined through the propagation of uncertainties in its

intercept and slope.

Dose bias - natural radiation background, life-time medical exposures, solar UV exposure.

The_lahoratorv shall define the methods n1sed to determine confidence limits The labor

rep
exp|
rec
tog

pbrt the method used to determine the standard uncertainty (the standard deviatieo
anded uncertainty (which gives the 95 % confidence interval). The laboratory should
rds of the uncertainty budget (a list of the uncertainty components and how they|were
bther with details of any systematic errors accounted for and all other corrections anc

employed.
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hould also be noted that it is recommended in 1SO 11929-1[29] and others that the stj
ertainty is multiplied by coverage factor, k, such that the coverage probability of the
rvals corresponds to approximately 95 %.

Minimum detectable dose

issess the performance of the method and to comparé-the performance between labor
hmeters decision threshold and detection limit should-be calculated.

definition of decision threshold is the criticakamplitude following from the hypothe
o probability of an un-irradiated sample, and fience allowing for a false positive error rg
cating exposure of the sample by EPR measdrement. That is, within the distribution of
signal amplitudes from unexposed samples, there is probability a of 5 % that the a

ded whether a sample was exposed or not. The dose value that is obtained with the EP
P response curve from the critical amplitude is called critical dose.

definition of the detection-limit follows from the hypothesis test for 95 % probabili
ple was exposed, and hence allowing for a false negative error rate  of 5 % to indicate ¢
sample by EPR measurement so that if in reality the true value is equal to or exceeds th
t. The probability of wrongly not rejecting the hypothesis (error of the second kind) shal

t is shown in Figufe 2.

critical amptitude, I, see Formula (6),and the limit of detection, I;;;, see Formula (7), of
nsity are\ealculated from the mean of measurements of unexposed samples (b,) and the

er than the critical amplitude. The critical amplitude is the decision threshold at whic};\rl

atory shall
h) and the
plso retain
evaluated)
constants

indardized
confidence

htories, the

Kis test for
te a of 5 %
measured
plitude is
it may be
signal-to-

fy that the
xposure of
b detection
be at most

al to a given value\f. A graphical illustration of the definitions of critical amplitude angl detection

EPR signal
estimated

stapdard;deviation of n EPR measurements of unexposed samples, o, and samples exposedl to a dose,

Dp;} op > respectively.
ler =By Tt(1-¢,n2)%0 (6)
Ipy =lIcL +t(1-8 n—2)%DL (7)

The estimated standard deviation shall be multiplied by the Student’s critical value t(_{, o g} »-2) the
(1-[a or B]) percentage point of Student’s t distribution with the single-sided confidence interval chosen
according to the desired confidence level (1-[a or §]) and number of samples n.

The standard deviations may be evaluated in a calibration design from the 90 % prediction bands of an
unweighted linear least-squares fit of the EPR signal-to-dose response curves in the case of constant
uncertainty. Alternatively, in the case of dose dependent uncertainty, the values of the standard
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deviations may be predicted from a model function proposed for the analytical formulation of the
variance of EPR measurements on the absorbed dose.

Y 0 Do Dn
-1 I S DL B ) ENLE RN I YA DN I LN L B
L X2
: CEO'O t-o n-2) |
04 N .
op LB n-2)
X1

Key
X1 EPR signal amplitude, I
X2 absorb¢d dose, D

Y relative frequency

Figure 2 — Graphical illustration of the definitions@®f decision threshold (critical amplitude,|/;)
and critical dose, D, detection limit of signal amplitude, I},;, and of absorbed dose, D},

12 Confidentiality and ethical considerations

All individfial identifying informationtof 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 deg¢isions. Data linkingthe code to the person can be keptif they are done so in a secure manner,
with acces§ limited to the pérsons in charge of the data.

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

13 Laboratory safety requirements

13.1 General

The use of this document can involve hazardous materials, operations, and equipment. It does
not purport to address all of the safety or environmental problems associated with its use. It is the
responsibility of users of this document to take appropriate measures to ensure the safety and health
of personnel and the environment prior to application of this document, and fulfil statutory and
regulatory requirements for this purpose.

13.2 Magnetic field safety requirements

With commercial EPR spectrometers, the magnetic field is restricted to the region between the pole
caps of the magnets, and therefore, there is no associated health risk.
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There is no potential to project the 0,5 mT line defined in ISO/IEC 17043[3% beyond the confines of the
spectrometer[3%], The establishment of the 0,5 mT limit is based on concerns about potential effects on
pacemakers, which are the only significant source of risk to health from the magnetic fields that are
employed with EPR.

13.3 Electromagnetic frequency requirements

EPR spectrometers using X-band microwaves have no hazard for exposure of operators, as the
spectrometers fully constrain the microwave to the sample with no significant amount distributed
outside of the resonator.

13.4 Chemical safety requirements

Cerfain chemicals and pharmaceuticals are used routinely in the procedures covered in this|document.
When present in sample preparation and sterilization procedures, they are mostly usegd in small
volymes and in dilutions that generally present no health hazard. They are;‘however, pr¢pared and
stored in concentrated stock solutions. Laboratories shall adhere to their*institutional, fegional or
natfonal requirements for chemical safety and hazard communication,~e.g:, the globally harmonized
system (GHS).

13.5 Health risks from tooth samples

Extracted teeth should be considered infectious because they contain blood and have the potential
to dause harm. The safe handling of extracted teeth requires methods for antimicrobial anjd antiviral
confroll31l, In dental clinics, the widespread method forsterilization of extracted teeth is| the use of
(1 tp 5) % sodium hypochlorite for 24 h[32],

13.6 Optical safety requirements

When black light lamps are used in checks:fer the sample preparation quality procedure, shjelding and
working procedures shall be in place to-avoid direct irradiation of the skin or eyes of laboratory staff.

14|Responsibility of the customer

Thif clause concerns itenis,that are not controlled by the laboratory. Prior to prepafation and
megsurement of tooth €mamel samples, coordination between the customer and the |measuring
labgratory should occtiry Essential requirements should be explained to the customer and this may be
by 4 standardized instruction sheet.

15|Responsibility of the service laboratory

The laboratory shall establish and maintain a QA program, which covers all aspects of EPR[dosimetry
withd@eoth enamel. The laboratory’s QA program shall include periodic internal checks of|equipment
operatioms, Teagemnt suitabitity, amd—various performmamnce checks{ie—imter-taboratory ctomparison,
operator qualifications, sample protocol, measurement, dose estimations, report generation, etc.).

16 Quality assurance and quality control (QA and QC)

16.1 General

Quality management shall assure continued improvement of operations. This document describes
specific quality assurance and quality control procedures for laboratories performing EPR dosimetry
with tooth enamel, which shall be in accordance with ISO/IEC 17025.

EPR dosimetry deals with small sample masses and low intensity signals. Proper choices of apparatus
and measurement conditions are critical in order to obtain high sensitivity of measurements. It is also
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important to monitor stability of the apparatus in order to achieve high reliability of the measurement
results.

The individuals carrying out EPR dosimetry shall be appropriately trained. All individuals should
participate in intra- and inter-laboratory comparisons. A set of calibration samples (at least five) should
be used routinely to verify that the accuracy of results is well within the expected range.

16.2 Performance checks

16.2.1 General

Performanke checks with suitably qualified EPR dosimetry laboratories and networks (e.g. EURAIOS,
RENEB) shill be established through periodic inter-laboratory comparisons.

ISO 5725 i$ dedicated to statistical analysis to test the reliability and the precision of a techniquef28].
The tests groposed can be applied only if many samples (at least five) are analysed.

16.2.2 Pefrformance checks by inter-laboratory comparisons

Proficiency tests are essential tools for the quality assurance of the laboratories, as they constitut¢ an
objective evaluation of their performance, from both a human and technical*point of view.

The preserice of individual laboratories or data that appear to be incofisistent with all other laboratofries
may change the estimates. To discard or correct inconsistent, data, two approaches can be ysed
(ISO 5725-p and ISO 5725-5).

a) numerjical outlier tests (Cochran and Grubbs tests): Tosdiscard data that give rise to a test statistic
that eyceeds the critical value of the test at the 5 % significance level;

b) robustmethods for data analysis: To yield robustvalues of the average and standard deviatiop of
the data.

The procedure is as follows:

— theoutliertestforlaboratory inter-comparison performance requires aminimum of five laboratofies
for stafistical robustness (ISO 5725x1);

— estimdtion of the overall, inter-laboratory mean value and standard deviation, once outliers|are
discarfled or corrected. The.preferred method is the calculation of the robust parameters;

and the estimated«deviation from the laboratory results. Determine the u-score parameter (this

— deter}}nation of thelaboratory’s performance: Calculate the z-score parameter, reference value
evaluation includés-both participant measurements and reference value uncertainties).

16.2.3 Pefformance checks of sample preparation

Inspection with black ]ighr (”V—A v\mvplpngrh >318 nm) of enamel pm/vdpr mav be used to ide tify
dentine remains in the samples. Such check may be routinely included in the sample preparation
protocol to ensure minimal dentine remains. At the first use of a black light source it should be ensured,
through checks with test enamel samples that selected wavelength, power and exposure time do not
induce EPR signals in enamel.

The presence of impurities or mechanically and thermally induced EPR signals in prepared samples
shall be checked and documented.

Data to be registered for sample preparation shall include: operator name, preparation date, grain size
of enamel powder, and if applicable the existence of impurity signals.
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