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1 INTRODUCTION

All over the world, the last decades have seen great progress in the professional development
of investigation methods used in forensic technical investigation. Society, national legislation but
also international cooperation in the fight against crime are increasingly pushing for assurance
of the quality of this forensic examination by introducing accredited quality management systems

(QMS).

Consequence of this development is that applicants for forensic technical investigation expect
the expert reports submitted to them to contain reliable results.

The users of the forensic expert reports have to interpret the contents correctly. This implies that
the results and conclusions should also include the degree of reliability of the measurement data
provided.

Enriching results of quantitative measurements with the calculated measurement uncertainty
and the explanation thereof in the expert reports is were appropriate desirable and/or necessary.

Naturally, statistics and, as a derivative thereof, the performance of measurement uncertainty
calculations have been part of the professional training of forensic experts. Nevertheless,
forensic experts often experience the performance of measurement uncertainty calculations as
a difficult necessity.

This guideline aims to provide information and practical help to anyone who is looking for
applicable and understandable knowledge and worked out examples on how to apply
measurement uncertainty in forensic technical methods.

2 AIM

The aim of this guideline is to share Best Practice for a practical approach covering quantitative
measurements aspects. This in relationship with requirements of 1ISO 17025 [1] concerning
areas of forensic science where uncertainty of measurements must be addressed.

The examples in this guideline are straightforward, even for the more complex examples. This
allows a wide application of this guide. The uncertainty measurement calculations are based on
recognized literature (section 9) including the experience of the authors of this Guideline
(appendix Alll).

A step-by-step approach is present in the examples which allows understanding of the used

measurement uncertainty calculations. The examples are offering the reader therefore a
roadmap to calculate measurement uncertainty for his own methods.

3 SCOPE

The scope of this guideline focuses on measurement uncertainty calculations as applied in
guantitative chemical and physical forensic investigation methods

Uncertainty of measurements in forensic qualitative methods is a separate area of interest and
is not explained in this guideline.
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The manner in which information, originating from i.e. sampling aspects, results of validation
studies or proficiency tests (PT) can be used for calculations of measurement uncertainty, are
present in the worked-out examples as included in this guideline.

The statistical models and formulas provided in chapter 7 are not to be interpreted as normative
but serve as a framework to be used for calculating measurement uncertainty. There are several
ways of doing the latter, and all these ways cannot be collected into one set of formulas. The
examples provided in chapter 8 demonstrate this variety of ways to calculate measurement
uncertainty, and are not direct examples of applying formulas provided in chapter 7. Moreover,
the examples provided in sections 8.5-8.7 are more complex/advanced examples, added in
order to illustrate the diversity of questions there may be about quantifying measurement
uncertainty.

4 DEFINITIONS

The naming of definitions for specific focus areas that are used when validating (forensic)
investigation methods and calculating measurement uncertainty helps to ensure that everyone
has the same starting position to perform these activities.

Although not exhaustive, the most frequently used terms and parameters are listed in the
following paragraphs, they are taken from several sources (see Appendix 1).

4.1 General Definitions

Measurement uncertainty
Several definitions for measurement uncertainty are available in literature.

E.g. EURACHEM [2] gives the following definition in part 2.5:

“non-negative parameter characterizing the dispersion of the quantity values being attributed to
a measurand, based on the information used.

NOTE: In general, for a given set of information, it is understood that the measurement uncertainty is associated with
a stated quantity value attributed to the measurand. A modification of this value results in modification of the
associated uncertainty.”

Others state measurement uncertainty as a parameter, associated with the result of a
measurement, that characterizes the dispersion of the values that could reasonably be attributed
to the measurand™. This parameter could be a standard deviation or another part of an interval
indicating a certain confidence range.

Most important in this connection is that not only the single measurement has to be considered
but also the overall result of the test, so that all components are embraced. Some may be
obtained by interpreting the statistical spread of results of a series, others have to be worked
out from complementary methods regarding sampling plans or experience.

Testing results should be the best approximation to the true value. Statistical random and
systematic factor effects contribute to the uncertainty of measurement of the testing results.
The latter effects should be eliminated as far as possible by using correction factors for instance.

(3]

 Uncertainty in Measurement, Introduction and Examples, Kallner A, eJIFCC vol 13 nol: http://www.ifcc.org/
ejifcc/vol13n01/1301200103.htm (probably based on GUM)
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4.2 Definitions related to measurement uncertainty calculations

Uncertainty sources
General sources of uncertainty? include: equipment, unit under test, operator, method,
calibration and environment.

Uncertainty components
General components of uncertainty® are:_Repeatability, Reproducibility, Stability, Bias, Drift,
Resolution and Certified Reference Material.

Repeatability

Repeatability is the measurement precision under a set of repeatable conditions, means the
variation among repeated measurements made on the same object (identical samples of it)
using the same instrument, the same operator, the same laboratory conditions etc. To perform
a repeatability test, one must continually repeat the measurement process under the same
conditions until you record your desired number of samples.

Reproducibility

Reproducibility? refers to the variation among measurements made on the same object (identical
samples of it) using different instruments or different operators or different laboratory conditions
etc. for each measurement degree of agreement between measurements or observations
conducted on identical samples under different investigating situations like different operators,
time and date, environmental conditions etc.

Within lab reproducibility

Within lab reproducibility* is the precision obtained within a single laboratory over a longer period
of time (generally at least several months) and takes into account changes like different analysts,
different apparatus if available, different batches of reagents/ standards, different times, different
environmental conditions.

Between lab reproducibility
Between lab reproducibility® expresses the precision between the measurement results obtained
at different laboratories.

Stability

Stability is the variation among measurements made on the same object (identical samples of
it) under the same conditions (with respect to instruments, operators, laboratory conditions, etc.),
but at different dates. It may be included in reproducibility assuming different dates is a kind of
different laboratory conditions.

Bias

Bias is a quantitative term describing the difference between the average of measurements
made on the same object and its true value®. Calculation of BIAS is possible with help of
information received by calibration and standard measurements, blind (reference) samples and
results of proficiency tests.

The bias of an analytical method is usually determined by study of relevant reference materials
or by spiking studies. Bias may be expressed as analytical recovery (value observed divided by
value expected).

2 https_www.isobudgets.com

8 Based on Https//www.definitions.net/definition/Reproducibility

“Adapted from https://www.favv-afsca.be/labos/erk-alg/_documents/03-11-2008-procedureENLAB-P-508-Measurement-uncertainty-
v.01_en.pdf and https://sisu.ut.ee/lcms_method_validation/41-precision-trueness-accuracy (august 2022)

5 hitps://sisu.ut.ee/lcms_method validation/41-precision-trueness-accuracy (august 2022)

® https:// www.itl.nist.gov/div898/handbook/

Page 5 of 100 GDL QCC-GDL-001 001 15.04.2024


https://www.favv-afsca.be/labos/erk-alg/_documents/03-11-2008-procedureENLAB-P-508-Measurement-uncertainty-v.01_en.pdf
https://www.favv-afsca.be/labos/erk-alg/_documents/03-11-2008-procedureENLAB-P-508-Measurement-uncertainty-v.01_en.pdf
https://sisu.ut.ee/lcms_method_validation/41-precision-trueness-accuracy
https://sisu.ut.ee/lcms_method_validation/41-precision-trueness-accuracy

APPROVED BY ENFSI BOARD ON 15.02.2024

Bias should be shown to be negligible or corrected for, but in either case
the uncertainty associated with the determination of the bias remains an essential component
of the overall uncertainty.[2]

Drift
Drift refers to a continuous or incremental change over time in indication, due to changes in
metrological properties of a measuring instrument.[4]

NOTE Instrumental drift is related neither to a change in a quantity being measured nor to a change of any recognized
influence quantity.

Resolution
Resolution is the smallest change in a quantity being measured that causes a perceptible
change in the corresponding indication.[4]

NOTE Resolution can depend on, for example, noise (internal or external) or friction. It may also depend on the value
of a quantity being measured.

Reference standard/material (RM)
Material, sufficiently homogeneous and stable with respect to one or more specified properties,
which has been established to be fit for its intended use in a measurement process. [5]

NOTE: Properties can be quantitative or qualitative, e.g. identity of substances or species.

Certified Reference Material (CRM)

Certified Reference material (CRM) characterized by a metrologically valid procedure for one or
more specified properties, accompanied by an CRM certificate that provides the value of the
specified property, its associated uncertainty, and a statement of metrological traceability. [5]

Standard uncertainty”’
Uncertainty of the result of a measurement expressed as a standard deviation

Combined measurement uncertainty

All uncertainties generated are usually expressed in the form of standard uncertainties. The root
of the sum of the squared standard uncertainties results in the combined measurement
uncertainty.

Expanded uncertainty’

Quantity defining an interval about the result of a measurement that may be expected to
encompass a large fraction of the distribution of values that could reasonably be attributed to
the measurand.

e The fraction may be viewed as the coverage probability or level of confidence of the
interval.

e To associate a specific level of confidence with the interval defined by the expanded
uncertainty requires explicit or implicit assumptions regarding the probability distribution
characterized by the measurement result and its combined standard uncertainty. The
level of confidence that may be attributed to this interval can be known only to the extent
to which such assumptions may be justified.

7 Basic definitions of uncertainty — NIST: https:/physics.nist.gov > glossary,30/08/2022
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Coverage factor’
Numerical factor used as a multiplier of the combined standard uncertainty in order to obtain an
expanded uncertainty.

Type A evaluation (of uncertainty) ’
method of evaluation of uncertainty by the statistical analysis of series of observations

Type B evaluation (of uncertainty) ’
method of evaluation of uncertainty by means other than the statistical analysis of series of
observations

Precision

Closeness of agreement between indications or measured quantity values obtained by replicate
measurements on the same or similar objects under specified conditions. [4]

NOTE 1 Measurement precision is usually expressed numerically by measures of imprecision, such as standard
deviation, variance, or coefficient of variation under the specified conditions of measurement.

NOTE 2 The ‘specified conditions’ can be, for example, repeatability conditions of measurement, intermediate
precision conditions of measurement, or reproducibility conditions of measurement (see 1SO 5725-1:1994).

NOTE 3 Measurement precision is used to define measurement repeatability, intermediate measurement precision,
and measurement reproducibility.

NOTE 4 Sometimes “measurement precision” is erroneously used to mean measurement accuracy.

Intermediate Precision Condition of Measurement

Condition of measurement, out of a set of conditions that includes the same measurement
procedure, same location, and replicate measurements on the same or similar objects over an
extended period of time, but may include other conditions involving changes. [4]

NOTE 1 The changes can include new calibrations, calibrators, operators, and measuring systems.

NOTE 2 A specification for the conditions should contain the conditions changed and unchanged, to the extent
practical.

NOTE 3 In chemistry, the term “inter-serial precision condition of measurement” is sometimes used to designate this
concept.

Intermediate Precision
Measurement precision under a set of intermediate precision conditions of measurement. [4]

Relative Standard Deviation (RSD)

A special form of the standard deviation, obtained from dividing the sample standard deviation
by the absolute value of the sample mean. [6]

It is commonly reported as a percentage and it gives an idea about how precise your data is.®

5 REQUIREMENTS OF QUALITY MANAGEMENT STANDARD
ISO 17025-2017

The ISO IEC 17025 [1] is the general used quality management standard within forensic
investigation institutions (“testing laboratories” according to 17025). To summarize, chapter 7.6.
of the standard contains the following requirements concerning measurement uncertainty:
Testing laboratories using accredited quantitative methods shall determine the corresponding
measurement uncertainty. This determination shall include all significant contributions, including
contributions resulting from sampling, using appropriate methods. If no precise calculation is
possible, an estimation based on the underlying theoretical principles or practical experience of
the method performance shall be made.

8 hitps://www.statisticshowto.com/relative-standard-deviation/ (august 2022)
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The measurement uncertainty in the measurement data must be determined for each method
where the reported results can influence the interpretation by the customer or where legal
requirements must be met.

Some quantitative test methods show little or no variation in the mode of operation or the matrix
and/or concentrations of the component being tested. For such methods it is not necessary to
calculate the measurement uncertainty per individual study. However, the institute should be
able to demonstrate that the critical aspects which may influence the measurement uncertainty
are under control.

Standardized methods, for example methods published by a national standardisation agency,
shall be considered as validated. The therein published measurement uncertainty can be used
directly, if the institute can demonstrate that it meets the requirements of these accepted
methods.

By verifying these 1ISO 17025 requirements with the intention and goal concerning the own
calculations of measurement uncertainty in quantitative forensic investigations it can become
determined that these requirements are reached.

6 THE PROCESS OF MEASUREMENT UNCERTAINTY
CALCULATIONS

6.1 Basics

Primarily, the effort and the procedure for determination of the measurement uncertainty is
subject to the requirements for the measured value. They may result from statutory provisions,
risk assessments, the customer's requirements, etc.

The measurement uncertainty of a measurement procedure may contain numerous

components. It can be assessed e.g. by means of a modelling approach or an integrative
approach.

6.2 Modelling approach:

In the modelling approach (a “bottom-up approach”), a model of the measurement is created,
as described in GUM [7]. In the course of such action, the measurement procedure can be
divided into individual modules for which individual uncertainties can be determined. A cause-
effect diagram (fishbone or Ishikawa diagram) is recommended for depicting the individual
components.

For details on the procedure, see [2].

The modelling approach either delivers a measurement uncertainty for the overall procedure or
uncertainty contributions from individual modules of the overall procedure which are combined
for a total uncertainty pursuant to the law of propagation of uncertainty.

This example given in the guideline use the modelling approach:

e Quantifying Delta-9-Tetrahydrocannabinol (THC) in Blood example using the
Measurement Uncertainty Calculator (MUCalc) (Chapter 8.5)

6.3 Integrative approach
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In this indirect approach (a “top-down approach”), several sources of uncertainty are determined
in an integrative manner. Usually, the results of the quality assurance sample analytics are used
to determine the measuring accuracy. Uncertainty components not sufficiently considered
during quality assurance must be determined in addition.

Trueness of measurement is determined using the results of analytics of certified matrix
reference material if possible. The results from comparative measurements, performance tests
or recovery experiments may also be used.

Common approaches according to Guidelines on measurement uncertainty, CXG 54-2004,
revised in 2021 [8] are:
¢ Single lab validation: uncertainty of results obtained using the same procedure in a single
laboratory under varying conditions
¢ Interlaboratory validation: uncertainty of results obtained using the same procedure in
different laboratories
¢ Proficiency testing: uncertainty of results obtained using the same sample(s) in different
laboratories

Examples for this approach are as well described in detail e.g. in NORDTEST Technical Report
TR 569 "Handbook for Calculation of Measurement Uncertainty in Environmental Laboratories"

9.
The examples given in this guideline, that use types of the integrative approach are:

e Calibration of thermometers (Chapter 8.1)

¢ Quantification of MDMA in powders, mixtures and tablets by high performance liquid
chromatography (HPLC-DAD), (Chapter 8.2)

e Quantitative determination of cocaine in seizures by HPLC DAD method, (Chapter 8.3)

e Determination of ethanol in blood using headspace gas chromatography with flame
ionization detector (HS-GC-FID), (Chapter 8.4)

o Predicting net weights of khat mardoufs (Chapter 8.6)

e Velocity estimation on a speeding car in video images (Chapter 8.7)

Whatever approach is used, it should be scientifically accepted. None of the following described
methods may be said to be better than any other. [8]

6.4 Sources of uncertainty

Although it is assumed that a “true value” of a quantity being measured exists, this true value is
unknown so is the measurement error. By evaluating the measurement uncertainty an interval
can be given within quantitative values will lie with a stated coverage probability. [8]

Significant uncertainty contributions may arise from many possible sources, including examples
such as sampling, matrix effects and interferences, environmental conditions, uncertainties of
masses and volumetric equipment, reference values, approximations and assumptions
incorporated in the measurement method and procedure, as well as random variation. Such
uncertainty contributions having no significant influence on the total uncertainty can be
disregarded.

NOTE: the focus should lie on the identification and evaluation of the main components of measurement uncertainty
especially on systematic components as they cannot be reduced by repeating measurements! [8]
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In order to assess the measurement uncertainty, all steps of the process performed in the lab
must be considered individually, if applicable.

Thus, the following inherently relevant sources of uncertainty could be compiled for a certain
examination procedure, among others:

8} Weighing uncertainties

2) Volume uncertainties of pipettes and volumetric flasks
(3) Fluctuations of density

(4) Temperature effects

(5) Metrological traceability

(6) Homogeneity of the sampling material

(7) Matrix of the sampling material

(8) (Complex) steps in preparation of the sample

9) Stability of the measuring signal

(10) Calibration of measuring device

If the assessment finds that e.g. the uncertainty contributions 1) to 5) do not have significant
influence on the overall uncertainty in comparison to the uncertainty contributions 6) to 10), they
may be disregarded.

6.5 Process

In principle uncertainty estimation is simple and the following step-by-step approach (see [2]),

summarises the tasks needed in order to obtain an estimate of the uncertainty associated with
a measurement result, please see there for further details.
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6.6 Frequency of determination of the measuring uncertainty

On principle, the measurement uncertainties of the observed measured variables determined
with a test procedure shall be assessed once; this can be performed e.g. within the scope of
validation.

The assessment must be reviewed, e.g. if

e internal or external quality assurance measures indicate there are issues
e new findings are determined

e significant changes are made to the analysis procedure

e new or other analytical equipment is used

7 STATISTICAL MODELS FOR DETERMINATION OF
MEASUREMENT UNCERTAINTY BASED ON INTRA-LAB
RESULTS OR PROFICIENCY TESTS

Note that what is described in this document is a guideline, and that alternative approaches may
be acceptable as well. It is preferable that alternative approaches can be found in scientific
literature.

In Annex |, it is described in what various ways determination of measurement uncertainty based
on intra-lab results or proficiency tests may take place, and what the logic behind this is. In the
current section we describe this from a practical point of view, concentrating on which formulas
may be used for what situations.

Overall, the situation is such that 1 or more measurements are performed in order to estimate
some real (nominal) number. We will refer to the first as Xi,...,Xn» and to the second as m. The
measurements are assumed to follow a so-called normal or Gaussian distribution, cf. [ref
Gauss], with m as its mean value and o as its standard deviation. The square of this is called
the variance.

If the number of measurements is 1 and the standard deviation is known, based on the outcome
x of the measurement, an approximate 95% confidence interval may be determined of the
unknown real value m by evaluation of the inequality

|x-m| < 2-0.°
In the case that there are more measurements, one may use the mean X=(Xy+...+ Xp)/n in order
to estimate m. Typically the mean has a lower standard deviation than o, namely, it has a
standard deviation of a/\n. An approximate 95% confidence interval for m is determined by the
inequality

|%-m| < 2.0/\n

In general the standard deviation is unknown. This is dealt with by using an estimation S instead
of o, where

% For an exact interval the number (coverage factor) 1,96 is used instead of 2.
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1 o _
2= (-
i=1

n—1

If the assumption of normality holds, then it is a general result that the random variable
X - m)/(S/\/n) has a so-called t distribution with n-1 degrees of freedom. Coverage factors for
t distributions can be found in statistical tables that are easily available.

An approximate 95% confidence interval for m is determined by the inequality
|%-M| < 1 97.50°SN,
with t,_1 . 97.50, the 97.5% percentile of a t distribution with n-1 degrees of freedom.

In the standard casework that this guideline concentrates on, besides the above there is usually
also a systematic bias component involved in measurements, and it is unknown. In the Annex it
is described how to obtain 95% confidence intervals for such situations.

In the framework of within-laboratory estimation of measurement uncertainty, repeated
measurements are performed within the laboratory on a material for which the measurand is
known, for example certified reference material (CRM) provided by an institute of standards or
unit conducting proficiency tests. We denote the value of this measurand as mcgry, Which is
given by the supplier, together with the variance aégy. Now if the measurements are again
denoted as x;, it is reasonable to look at the differences between the measurements and the
measurand, d; = x; — mcrm, and the so-called mean square deviation (MSD), i.e.

1w 1w
MSD,, = —Z d? = —Z(xi — mcrm)?
p i=1 p i=1

is defined. In the literature it is common to refer to the root mean square deviation (RMS), which

is the square root of MSD, i.e. RMS =+/MSD. It is commonly suggested to use the following
standard deviation of x-m:

— 2 S‘}Z?W

with s,%w denoting the intermediate precision of the lab, which is for example determined as the
variance within the lab of a series of measurements on a Shewhart card. A 95% confidence
interval then is given via:

2
S
1% —m]| SZ-\/MSDW+JCZ;RM+%

In the framework of determination of measurement uncertainty based on proficiency tests we
have the following. Here a lab participates in p tests, generating results x; for i=1,...,p, which are
compared to the mean reported results y; over the other laboratories that participate. Now the
differences are calculated as

d; = x; = i,

and the counterpart of MSD above is
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p p

1 , 1 o

MSD = —Z di = —Z(xi - ¥i)
p & p &
i=1 i=1

and the standard uncertainty is taken as

2

SR
u= /MSD 4w

n

A 95% confidence interval then is given via:

Sk
[E—m|<2- [MSD+—*

In similar approaches an extra term is introduced compensating for the fact that the terms y; are
considered as the ground truth of the nominal values m.

A different approach to the above separates the bias contribution from the standard deviation u
that is used.

It expresses the bandwidth of the confidence intervals in terms of

2
_— 2 SRW
|B|W+2' O-CRM+T

in the case of within lab calculation of measurement uncertainty, and

2
_ ’S
|B|+2' ﬂ

n

in case of proficiency testing. Here [B] is the mean absolute value, that is,

p
>l -7l

i=1

Bl =

T | =

The corresponding formula for the case of within-lab MU calculation is

p

_ 1

|Bly = _lei — mcrml
P

7.1 Relative uncertainty

In the case where a model is used with relative uncertainty the formulas are a bit more involved.
The model that is used is typically that

Xi /m = 1+b+E;
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with E; being some random error term that is from a normal distribution with mean 0 and standard
deviation

CV (coefficient of variation). In the framework of within-laboratory estimation of measurement
uncertainty, repeated measurements are again performed within the laboratory on a material for
which the measurand is known, for example certified reference material (CRM) provided by an
institute of standards or unit conducting proficiency tests. The value of this measurand is given
as mcrm, together with the relative standard deviation %ao. Now if the measurements are again
denoted as x;, it is reasonable to look at the relative differences between the measurements and
the measurand, d; = (x; — mcrm)/McrMm = Xi/Mcrm — 1, and the

p p

1o, 1 ,

MSD,,, = —Z di = _Z(xi/mCRM -1)
P P

with RMS,, . = \/MSD,,,.. With n measurements, it is suggested to use the following standard
deviation of x/mcgry — 1:

u= J MSD,,, . + CVigy + CV2/n,

where CV is determined within the lab by means of series of relative measurements. A 95%
confidence interval then is given via:

x
|E - 1| <2 -\/MSDW,T + CVigm + CVZ/n

In the framework of determination of measurement uncertainty based on proficiency tests we
have the following. The lab participates in p tests, generating results X; for i=1,...,p, which are
compared to the mean reported results Y; over the other laboratories that participate.

Now the relative differences are calculated as

and with n measurements the standard uncertainty is taken as

u=./MSD, +CV2/n.

A 95% confidence interval then is given via:

x CV2
|——1|sz- MSD, + —
m n

In similar approaches an extra term is introduced compensating for the fact that the terms y; are
considered as the ground truth of the nominal values m;. A different approach to the above
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separates the bias contribution from the standard deviation u that is used. It expresses the
bandwidth of the confidence intervals in terms of

(Bl +2- \/ CVérm + CV2/n
in the case of within lab calculation of measurement uncertainty, and
Bl, +2-/cv2/n

in case of proficiency testing. Here |§|er and [B|, are the mean absolute relative values, that
is,

21

Bl =1yP |x_ Bl = lyp
|B|W,T_I;Zi=1ﬁ 1| and |B|r__zl‘=1 ¥

p

7.2 Example with interpretation

In the example, the task is to calculate the measurement uncertainty for measurements of
conductivity (in units of Siemens per meter [S/m]) made on Swedish “10 kronor’-coins, with the
purpose to detect fake coins.

7.2.1 Within-laboratory estimation

In this case, a specimen of a genuine coin is sent to a laboratory, with the information that its
conductivity is 15.9 S/m with standard deviation 0.05 S/m. This means that mcgy = 15.9 and
0&gm = 0.052=0.0025.

The laboratory makes p = 20 measurements on the coin rendering the following results:

15.80, 15.75, 15.72, 15.67, 15.88, 15.79, 16.03, 16.03, 15.96, 16.05,
15.93, 15.92, 16.04, 15.92, 16.04, 16.12, 16.01, 15.80, 15.71, 15.66

At laboratory A, Shewhart charts have been used for a long time capturing the intermediate
precision of measurements giving an estimate sg,, = 0.264.
7.2.1.1 Absolute uncertainty

From the data we calculate

p
1 1
MSD,, = Ez("" — mep)? = 55 [(15.80 = 15.9)2 + (1575 = 15.9)2 + -+ + (15.66 — 15.9)?]
i=1
~ (0.01980

Hence, a 95% confidence interval for the true value of the conductivity of a “10 kronor”-coin
using one single measurement is

lx —m| < 2-/0.01980 + 0.0025 + 0.2642 ~ 0.61.
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A measurement should thus be reported with a margin +£0.61 S/m.

Using n measurements the corresponding confidence interval is

) 0.2642
[T —m|<2- [0.01980 +0.0025 + ~——.

If for instance the average of two measurements is 15.20 S/m, the margin to be reported is
+2- \/0.01980 + 0.0025 + 0.2642/2 ~ +0.48 S/m.

The alternative treating of bias is to calculate

p
__ 1
Bl = Y i = mogul =
P &
=1
1

= 55 [115.80 = 15.9] +[15.75 — 15.9] + - [15.66 — 15.9]] ~ 0.1235.

and a 95% confidence interval for the true value of the conductivity of a “10 kronor”-coin using
one single measurement is

lx —m| < [B] +2- /aéRM +s2 = 0.1235 + 2-1/0.0025 + 0.2642 ~ 0.66.

A measurement should thus be reported with a margin +£0.66 S/m.

Using n measurements the corresponding confidence interval is

_ 0.2642
| —m| < 01235+2 [0.0025 + ——.

So, with an average 15.20 S/m of two measurements, the margin to be reported is

+0.1235 + 2 -\/0.0025 +0.264%/2 =~ +£0.51 S/m.
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7.2.1.2 Relative uncertainty

At laboratory A, the coefficient of variation reflecting intermediate precision is estimated as CV =
0.0165 (1.65%). The coefficient of variation for the certified reference measurement can be
Calculated as CVCRM = O'CRM/mCRM = 005/159 ~ 0.0031 (031%)

From the data we calculate

p
MSD —12( ad —1)2—
YTop &~ \MCRM

1 (15.80 1)2+(15'75 1)2+ (1566 1)2 7 8. 10-5
20 |\159 15.9 15.9 o '

The relative 95% expanded uncertainty for one single measurement then becomes

2 -JMSDW_T + CVZry + CV2 = 2-/7.8-1075 + (0.05/15.9)% + 0.01652 ~ 0.038 = 3.8%.

With an average 15.20 S/m of two measurements the relative 95% expanded uncertainty
becomes

2

, v 2
2 MSDW,T + CVCRM + T =

~ 0.030 = 3.0%.

2 \/7.8 -1075 + (0.05/15.9) +

For this result, the margin to be reported is £0.030 - 15.20 = +0.46 S/m.
The alternative treating of bias is to calculate

p
_ 1
|B|w,r = Ez

”15 .80 | 15.75 | 15.66
20 15.9

159 -+ H—l]z0.0078.

m

and the relative 95% expanded uncertainty for one single measurement then becomes

[Bly,+2- /CVC%RM +CV2 =0.0078 + 2+ /(0.05/15.9)2 + 0.01652 ~ 0.041 = 4.1%.

With an average 15.20 S/m of two measurements the relative 95% expanded uncertainty
becomes

_ ,cv? 0.01652
[Blur +2° |CViau+——=0.0078+2+ [(0.05/15.9)% + ——— ~ 0.032 = 3.2%.

For this result, the margin to be reported is +£0.032 - 15.20 = +0.49 S/m.
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7.2.2 Using results from proficiency test

In this case, “10 kronor”-coins, all genuine, are sent to laboratories participating in 9 proficiency
tests for measurement of conductivity.
The measurement results from the 9 tests are summarised in Table 7.2-1.

Test (i) Reported conductivity Average reported
from laboratory A (x;) conductivity from the
other labs (y;)
1 16.3 S/m 16.2 S/m
2 15.8 S/m 15.7 S/m
3 16.0 S/m 16.1 S/m
4 15.2 S/m 15.5 S/m
5 15.7 S/m 15.9 S/m
6 16.1 S/m 16.0 S/m
7 15.9 S/m 15.9 S/m
8 16.0 S/m 16.1 S/m
9 15.9 S/m 15.9 S/im

Table 7.2-1: Results from proficiency test of measurements on Swedish “10 kronor”-coins.
Now, assume laboratory A is supposed to calculate their measurement uncertainty with help
from the results from the other labs participating in the proficiency test.
7.2.2.1 Absolute uncertainty

The number of tests, p = 9 and MSD is calculated from the data in Table 7.2-1 as

1 v, 1y .,
MSD == x E d? == E ;i —y) =
p < 94
=1 =1

1
=3 [(16.3 —16.2)? + (15.8 — 15.7)2 + --- + (15.9 — 15.9)?] = 0.020.

As was given in section 7.2.1, laboratory A’s estimate of the uncertainty due to repeatability
within laboratory is sg,, = 0.264. Hence, a 95% confidence interval for the true value of the
conductivity of a “10 kronor”-coin using one single measurement is

|x —m| < 2-+/0.020 + 0.2642 ~ 0.60.
A measurement should thus be reported with a margin +£0.60 S/m.

Using n measurements the corresponding confidence interval is

~ 0.2642
|x —m|<2- [0.020 + _—

With an average 15.20 S/m of two measurements the margin to be reported is

+2-,/0.020 + 0.2642/2 ~ +0.47 S/m.

The alternative treating of bias is to calculate
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-[116.3 —16.2] +|15.8 — 15.7| + --|15.9 — 15.9]] = 0.1111.

OIH

lx; — yil =

"BIP—‘
Mw

i=1

and a 95% confidence interval for the true value of the conductivity of a “10 kronor”-coin using
one single measurement is

lx—m| < [B]+2- / =0.111 + 2-/0.2642 ~ 0.64

A measurement should thus be reported with a margin +£0.64 S/m.

Using n measurements the corresponding confidence interval is

0.2642
[x —m| <0111+ 2- -

Thus, with an average 15.20 S/m of two measurements, the margin to be reported is
+0.1111+2-./0.2642/2 ~ +0.48 S/m.

7.2.2.2 Relative uncertainty

As was given section 7.2.1.2, at laboratory A, the coefficient of variation reflecting intermediate
precision is estimated as CV = 0.0165 (1.65%).

From the data in Table 7.2-1 we calculate

p
MSD —1Z(x" 1)2—1 (16'3 1)2+(158 1)2+ +(159 1)2 8.1-1075
Y 4\ 9 |\16.2 15.7 15.9 e '
1=

The relative 95% expanded uncertainty for one single measurement then becomes

MSD, +CV? = 2- \/8.1 -107> + 0.01652 = 0.038 = 3.8%.

With an average 15.20 S/m of two measurements the relative 95% expanded uncertainty

becomes
cv2 0.01652
2 X |MSD, +T =2-(81-1075+ > ~ 0.029 = 2.9%.

For this result, the margin to be reported is £0.029 - 15.20 = +0.44 S/m.

The alternative treating of bias is to calculate

<

|§| _12 | ”163 | 15.8 1|_|_ 15.9 1” 0.0070
T p Ly 9 |l16.2 15.7 15.9 T
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The relative 95% expanded uncertainty for one single measurement then becomes

[Bl, +2-4/CV2 = 0.0070 + 2 -/0.01652 = 0.040 = 4.0%.

With an average 15.20 S/m of two measurements the relative 95% expanded uncertainty

becomes
___ cv2 0.01652
[Bl, +2- — = 0.0070 + 2 - S— = 0.030 = 3.0%.

For this result, the margin to be reported is £0.030- 15.20 = +0.46 S/m.
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8 EXAMPLES OF
UNCERTAINTY

CALCULATIONS OF MEASUREMENT

8.1 Calibration of thermometers

At the National Bureau of Investigation Forensic Laboratory in Finland, DNA reagents are stored
in refrigerators. To ensure proper storage temperature, digital thermometers are used to monitor
the temperature within the refrigerators. Every couple of years, the thermometers are calibrated
by comparing them against two reference thermometers to confirm they are still accurate and
also to determine their measurement uncertainty. This example demonstrates the calculations
for the calibration and the determination of the measurement uncertainty for a single
thermometer, using an integrative approach (see chapter 6).

The thermometer to be calibrated is a digital thermometer that displays the temperature to one
decimal precision. The thermometer is calibrated using the ice point method where ice is mixed
with cold water in order to produce ice water with 0 °C temperature. To this end, the ice water is
measured 4 times with the thermometer to be calibrated as well as one of the reference
thermometers. The second reference thermometer is only used to verify that the measurements
from the first reference are correct and only one measurement is made with this thermometer.
The reading from the second thermometer is not used for the calculations and is therefore
excluded from the following.

The four measurements in degrees Celsius with both thermometers are as follows:

Thermometer

Measurement 1

Measurement 2

Measurement 3

Measurement 4

1321-014

0.4

0.1

0.2

-0.1

Reference 648

-0.1

0.1

0.0

-0.1

Table 8.1-1: Measurements results obtain from the thermometer in calibration and the reference thermometer.

The measurement model is given by the formula
t=m+ dr + dc,

where t is the final temperature, m is the measured value, ér is the correction due to rounding
and dc is the correction due to systematic error detected in calibration. Here, ér is assumed to
be zero since the rounding error should produce no systematic bias. Regardless, the uncertainty
of the rounding error must still be taken into account. From this measurement model, the total
uncertainty of the measurement u(t) can be derived as

u(t) = Ju(m)? + u(8r)? + u(sc)?,

where the square root is taken over the added squared standard uncertainties of each individual
component in the measurement model. Thus, to determine the overall measurement
uncertainty, it is enough to know the uncertainties of each individual component.

As in practice only single measurements are made with the thermometers, the uncertainty
related to the measurement u(m) is determined based on experience accordingly to the
recommendations from the Finnish center of metrology MIKES. The uncertainty u(m) is
assumed to be uniformly distributed in an interval of length L centered around m. Here it is
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assumed that L is 1 degree Celsius, i.e. there is no more than +0.5 degrees error due to the
inaccuracy of the measurement.

Based on these assumptions, the standard uncertainty of the measurement can be calculated
as the standard deviation of the corresponding uniform distribution

L 1

= — =—"— ~03.
2V3 23

u(m)

Uncertainty of the rounding correction u(dr) is determined in a similar way. As the thermometer
measures temperature at one decimal precision, the value read from the thermometer is +0.05
degrees from the actual measured value. Thus, the uncertainty can be considered to be
uniformly distributed along an interval of length 0.1 centered around the actual value and it can
be calculated as

0.1
u(6r) = ﬁ ~ 0.03.

Finally, there is the correction 6c from the calibration itself. This term represents the deviation of
the measurements of the thermometer to be calibrated from the reference thermometer and it
has its own uncertainty u(dc) due to the uncertainties in calibration of the reference thermometer
itself as well as due to the finite number of repeat measurements during the actual calibration
process.

Firstly, the means of the measurements given in the table earlier, in degrees Celsius, are

B 04+01+02-0.1
Xcal = 4 =0.15

for the thermometer to be calibrated and

) —0.1+0.1+0.0—0.1
Brep = Z = —0.025

for the reference. The corresponding (corrected) standard deviations are given by

~ 0.208

Jz§:1(xi — %02 J(o.4 —0.15)2 + (0.1 — 0.15)% + (0.2 — 0.15)2 + (—0.1 — 0.15)2
Scal = =
4—-1 3

for the thermometer to be calibrated and by

S (x - fref)z (=0.1 + 0.025)2 + (0.1 + 0.025)2 + (0.0 + 0.025)2 + (—0.1 + 0.025)2
Spef = 21 = 3 =~ 0.096

for the reference. From these values, the standard uncertainties of the means are obtained by
dividing the standard deviations by the square root of the number of the observations:
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The correction term éc is a bias term, which reflects how far away from the "true" value, indicated
by the reference thermometer, the values from the thermometer to be calibrated tend to be on
average.

Its value is obtained by subtracting the mean of the measurements from the thermometer to be
calibrated from the reference measurement mean, i.e. 8¢ = X,of — Xcqy = —0.025 - 0.15 =
—0.175. The uncertainty of this term then comprises the standard uncertainties of the means,
the calibration uncertainty of the reference thermometer and the uncertainties induced by
rounding for both thermometers. The calibration of uncertainty of the reference thermometer is
given by its calibration report and, in this instance, is u(50ref) = 0.01 and centered at zero. As
the effect of rounding is the same in both cases, the value for this uncertainty u(ér) calculated
earlier can be used for both instances. Thus, the uncertainty is given by

u(éc) = \/u(fcal)z + u(fref)z + u(5cref)2 + 2u(ér)? ~ 0.12.

It should be noted, that while the uncertainties for the means were divided by the square root of
the observations, similar treatment is not applied to the other terms. This is because the formula
for the uncertainty of the mean assumes independent identically distributed errors which cannot
be guaranteed for the correction terms. Furthermore, there could be and probably are other
sources of error that are not accounted for in these calculations. Therefore, in order to err on the
side of caution, the uncertainties are added as is, possibly slightly inflating the total uncertainty.

Now all the components for calculating the complete measurement uncertainty is available and
it is given by

u(t) = Ju(m)? + u(r)? + u(dc)? = 0.31.

Finally, the expanded measurement uncertainty is obtained from the previous by multiplying the
complete measurement uncertainty with a coverage factor. At the NBI Forensic Laboratory,
coverage factor of 2 is used to obtain approximately 95% uncertainty intervals. This gives
2u(t) ~ 0.63 as the expanded uncertainty. Thus, the final measurement, according to the
measurement model specified earlier, should be

t =m-—0.175,40.63.
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8.2 Quantification of MDMA in powders, mixtures and tablets by high performance
liquid chromatography (HPLC-DAD)

The MU estimation used in this example is an integrative approach (see Chapter 6) and is based
on the Nordtest approach [9].

Uncertainty components that are considered:

e Precision component (within-laboratory reproducibility)
e Bias component (lab bias)

8.2.1 Step 1. Specify measurand

Quantification of MDMA in powders, mixtures and tablets by HPLC.

8.2.2 Step 2. Quantify precision component (Rw)
Control limits are set to +/- 6.3% (rel.).

They represent the intermediate precision on the 99% confidence level and result from 68
measurements of a control sample (see supplement data, table 8.2-1).

2,1% rel. RSD*3=6,3%rel

8.2.3 Step 3. Quantify bias component
a) The bias results (% rel.) from m=7 interlaboratory comparisons (21-24 participants) are:
-6.3, +4.5,-1.7, +3.9, -0.4, -2.9 and +1.8 (see supplement data, table 8.2-2).

They are calculated by

Vi_VRi

VRi

bias; = +100 (% rel.)

where V. is the assigned (nominal) value and V; is the laboratory result in the i-th interlaboratory
comparison.

The root mean square of the bias is:

.2
RMS, 4, = /zbr‘:si = /?:3.6 (% rel.)

b) The uncertainty of the nominal value is calculated by

Sk
u(Cref) = \/_Z

where Sris the mean of the between laboratory RSD and n the mean number of participants.
With Sg=5.8% and n = 22 (values taken from the 7 interlaboratory comparisons) the uncertainty
of the nominal value is
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W(Cref) = 5’7&2 =1.2 (%rel)
8.2.4 Step 4. Convert components to standard uncertainty u(x)
Confidence intervals and similar distributions can be converted to standard uncertainty.
Lab precision:

u(Rw) = 6.3/3=2.1 (% rel.)

Since determinations are done in duplicate standard uncertainty reduces to

u(Rw) = % =15 (%rel)

Ubias) = [RMSfigs + (u(Crep))?

=+/3.6%2+1.22 =3.8 (% rel.)

8.2.5 Step 5. Calculate combined measurement uncertainty uC

Standard uncertainties can be summed by taking the square root of the sum of the squares.

Uc = \/(u(RW))2 + (u(bias))? =+V1.52+3.82=4.1 (% rel.)

8.2.6 Step 6. Calculate expanded uncertainty
U=Kk*uc

k = 2 (95% confidence level)

Uc = 4.1% (rel.)

U=2%*4.1=28.2 (% rel.) (95% confidence level)
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No. result | No. | result No. | result No. | result
1 65,2 21 | 63,8 41 | 66,2 61 | 68,6
2 65,7 22 |63,9 42 |66,9 62 | 66,5
3 65,6 23 | 63,1 43 | 67,5 63 | 66,1
4 67,1 24 | 64,1 44 | 67,4 64 | 65,6
5 65,8 25 |63,9 55 69,2 65 | 68,8
6 66,5 26 | 63,7 46 | 66,8 66 | 66,4
7 65,3 27 |63,3 47 | 65,8 67 | 654
8 65,3 28 | 63,6 48 | 66,7 68 | 65,7
9 64,8 29 | 64,1 49 | 65,7
10 65,1 30 |64 50 | 65,7
11 66,4 31 | 65,6 51 |67
12 65 32 | 64,9 52 | 68,4
13 65,3 33 | 67,6 53 | 66,1
14 64,8 34 | 67,4 54 | 64,3
15 64,6 35 | 65,2 55 | 67,2
16 64,8 36 |65 56 | 66,2
17 64 37 | 64,9 57 | 64,7
18 64,9 38 |67,1 58 | 68,2
19 64,2 39 | 654 59 | 67,2
20 65,4 40 | 65,2 60 | 66,3
Mean all (m) | 65,7
Std dev all | 1,4
(s)
Rel. std dev | RSD= (s/m)*100
=1,4/65,7*100= 2,1
Table 8.2-1: Data from mean value control charts.
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Proficiency test: Quantification of MDMA in tablets and powders

- Assigned valug Lab result Bias N
Year participants (n) (% base by \{velght) RSD (%) (%) (% rel.) Bias 2
without outliers
1 24 14,2 7,5 13,3 -6,3380 40,2
2 21 17,9 4,8 18,7 4,4693 20,0
3 23 29,3 2,6 28,8 -1,7065 29
4 23 23,3 7,9 24,2 3,8627 14,9
5 23 26,1 51 26,0 -0,3831 0,1
6 22 13,7 9,5 13,3 -2,9197 8,5
7 21 33,5 3,3 34,1 1,7910 3,2
Mean 22,4 5,8
Sum Bias™2 89,9
RMS bias 3,6

Table 8.2-2: Data from proficiency tests.
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8.3 Quantitative determination of cocaine in seizures by HPLC DAD method

[2,7,9, 10-16]

8.3.1 General information

Method: Quantitative determination of cocaine in seizures by HPLC DAD method
Measurand: Cocaine seizures concentration
Units: % (g/100g)

8.3.2 Brief method description

HPLC-DAD is a major separation technique commonly used in forensic drug analysis. For ease
of sample preparation, best reproducibility, and detectability, reversed phase chromatography
is recommended for the analysis of cocaine. Dissolve an appropriate amount of standard or
sample in ACN: aqueous buffer (80:20, v/v), targeting a concentration of the cocaine between
0.01-0.40 mg/ml (standard solutions) and use of peak area for HPLC-DAD quantitation. For
linear regression, the ordinary least squares model is appropriate.

Seized samples were accurately weighted and directly diluted as above and then filtered through
PVDF syringe filter before injection into the HPLC-DAD system.

8.3.3 Strategy of uncertainty calculation

The strategy for uncertainty calculation presented here is a top-down approach which uses
information obtained from method validation with certified reference materials (CRM).

The top-down approach is an empirical approach which includes both imprecision and bias
components of uncertainty. Uncertainties arising from random (within-laboratory precision) and
systematic (bias) effects are treated alike.

Repeatability and intermediate reproducibility are terms included in within-laboratory precision.
To assess repeatability, six CRM independent aliquots were analysed in the same day under
the same conditions.

The estimation of the precision under intermediate conditions includes all causes of variation
expected in the routine application of the analytical method: different days, different technicians,
different glassware, different chemicals, different calibration curves. Validation experiments
under intermediate conditions were performed in four non-consecutive days, performing six
replicates each day. Bias is the difference between certified value and the average of the results
obtained under intermediate conditions.

8.3.4 Uncertainty calculation

The steps needed for uncertainty calculation are:
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8.3.4.1 Step 1.- Data collection
It is necessary to gather the following information regarding validation experiments:

o Certified reference materials: Certified value, uncertainty, and coverage factor (k)

e Number of replicates analysed in repeatability conditions (n)

¢ Number of replicates analysed in reproducibility conditions (intermediate precision) (N)
e Average of results in reproducibility conditions (X)

e Standard deviation of repeatability (Sr)

e Standard deviation of reproducibility (SR)

e Bias (B)

In the example presented here, analytical method’s data are:

Certified value (% w/w) 70,3
Uncertainty of certified value (% w/w) 0,60
Coverage factor (K) 2
Replicates in repeatability conditions (n) 6
Replicates in reproducibility conditions(N) 24

Average of results in reproducibility conditions (X) | 69,20

Standard deviation of repeatability (Sr) (% w/w) 0,83

Standard deviation of reproducibility (Sg) (% w/w) | 1,58
Bias (B) (% w/w) 1,09

Table 8.3-1: Data from the analytical method.

8.3.4.2 Step 2- Uncertainty estimation

The combined standard uncertainty (uc) is defined as an estimated standard deviation equal
to the positive square root of the total variance obtained by combining all the uncertainty
components. These components are the uncertainty associated to bias and the uncertainty
related to method precision.

— 2 2
Uc = \/ubias + uprecision

Bias uncertainty: It has been considered that bias uncertainty has two components: uncertainty
of the reference value and uncertainty of the correction term

— / 2 2
Upias = |URy + Ucorr
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Uncertainty of reference value (URV):

Each CRM was provided with their corresponding certificate. The certificate reports the
uncertainty associated to CRM certified value and the coverage factor (K=2 for 95%
confidence). Equation applied is:

_ Ucertificate
Ury ==

In the example:

Uncertainty correction term:

The uncertainty of this term is calculated considering that method bias reflects how far
away method results are from the certified values. A rectangular distribution is assumed,
and the following formula applied:

Bias
Ucorr = f
In the example:
1,09
ucorr = f = 0,63

Therefore, bias uncertainty is in the example:

Upigs = fu,zw +u2, =+/0,32+ 0,632 = 0,70

Precision uncertainty: The uncertainty related to method precision, has two components:

repeatability and reproducibility uncertainties:

— 2 2
uprecision - Jurepeatability + ureproducibility
Repeatability precision:

The uncertainty is calculated using the repeatability standard deviation and the number
of analyses performed in repeatability experiments using the formula:

S,
Uy :ﬁ

In the example:

083 0.34
\/g )

U, =
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e Reproducibility precision:

Uncertainty associated to reproducibility is a type A component and is calculated dividing
the standard deviation for reproducibility by the square root of the total number of
experiments performed in during validation:

SR
Up = —
R m
In the example:
-8 a2
R m )

Therefore, precision uncertainty is in the example:

= 2 2 = ./ 2 2 —
Uprecision = \/urepeatability + Ureproducibility — 0,34< + 0.32% = 0,47

Combined standard uncertainty: As previously stated, uncertainty contributions are summed
up to a combined standard uncertainty:

U = \/uf,ias + U ecision = V0,702 + 0,472 = 0,84

8.3.4.3 Step 4.- Expanded uncertainty estimation
Once combined uncertainty (uc) is obtained, expanded uncertainty (U) is calculated as follows:
U=u.xK
K is the coverage factor. In this case, to obtain the 95% of the confidence, K=2 is used.
In the example:
U=u.xK=0,84x2=1,7%w/w
Uncertainty is expressed in absolute form, if a relative form is needed it can be calculated as:

U ,
U(%) = 7x 100 =

x 100 =2,5%
The contribution of uncertainty due to bias only has to be introduced if CI22. The following

equation is used to determine Upjas:

Bias V. —-Vy

Upigs = ——
bias \/§ \/§

Effective degrees of freedom are calculated using Welch-Satterthwaite equation:
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ug

zn, M

Verf =
Where u(x;) is each individual standard uncertainty and v; is the degree of freedom of each
standard uncertainty.
Expanded Uncertainty (U) is obtained by multiplying the combined standard uncertainty (uc)
by an appropriate coverage factor (k). The coverage factor is obtained from t distribution

table with a level of confidence of 95%.

U=ucxk =u, xta/
2v
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8.4 Determination of ethanol in blood using headspace gas chromatography with
flame ionization detector (HS-GC-FID )

[2,7,9,10-14, 17, 18]

8.4.1 General information

Method: Determination of ethyl alcohol in blood samples by gas chromatography with
FID detector using headspace technique

Measurand: Blood alcohol concentration (BAC)

Units: g/L

8.4.2 Brief method description

This procedure outlines a simple method for the detection and quantitation of ethanol in blood
samples by “Headspace” gas chromatographic procedure. Static headspace offers a reliable,
simple, and accurate way to quantitate volatile compounds in a variety of liquid matrices.
Practically, the sample and an internal standard are added to a vial and the vial is sealed. The
sealed bottle is then placed into a heated sample carousel of the Headspace Analyzer. As
temperature increases volatile compounds are released from the solution into the “headspace”
above the liquid. The headspace is then sampled and analysed for the presence of the targeted
analytes via gas chromatography.

8.4.3 Strategy of uncertainty calculation

The strategy for uncertainty calculation presented here is a top-down approach which uses
information obtained from long-term participation in proficiency testing (PT) for method validation
and uncertainty estimation. To apply this strategy is mandatory that:

e The test items in PT should be reasonably representative of the routine test items. For
example, the type of material and range of values of the measurand should be
appropriate

e The number of PT rounds is appropriate: a minimum of 6 different trials over an
appropriate period is recommended to get a reliable estimate

e The assigned values, defined as the values attributed to a particular property of the
proficiency test items, have an appropriate uncertainty. When the assigned value is
calculated as a consensus value, the number of laboratories participating should be
sufficient for reliable characterisation of the material

e Participation of the laboratory in the PT round was satisfactory (z-score<2)

8.4.4 Uncertainty calculation

The steps needed for uncertainty calculation are:
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8.4.4.1 Step 1.- Data collection
It is necessary to gather the following information:

e Number of PT items included in calculation (p)

e Assigned value of each PT item, which is used as a reference value (Yi)

e Assigned value’s uncertainty (UAV) or assigned value’s standard deviation (Syi)

¢ Number of participants laboratories (Ni): number of laboratories whose results were used
to obtain assigned value (consensus value)

e Result obtained by the laboratory (X

If sufficient data are available, different ranges of the property studied can be established.
The minimum number of data needed to obtain statistically significant results is ten.

In the example presented here, the data collected (BAC= 0,5-1,0 g/L) through a period of
10 years, are:

roteenes [ w [ v | sa | x
1 48 0,63 0,06 0,68
2 58 0,95 0,05 0,98
3 47 0,76 0,05 0,78
4 54 0,58 0,02 0,58
5 44 0,55 0,06 0,52
6 43 0,56 0,05 0,57
7 55 0,54 0,03 0,57
8 46 0,57 0,05 0,58
9 56 0,56 0,03 0,56
10 46 0,75 0,06 0,75
11 55 0,72 0,04 0,68
12 47 0,86 0,07 0,87
13 49 0,8 0,09 0,77
14 51 0,5 0,04 0,49
15 49 0,65 0,07 0,63
16 53 0,8 0,05 0,79
17 47 0,72 0,05 0,75
18 41 0,58 0,05 0,59
19 44 0,68 0,05 0,68
20 46 0,91 0,09 0,91
21 51 0,51 0,04 0,50
22 62 0,64 0,07 0,64
23 55 0,78 0,06 0,79

Table 8.4-1: Data from Proficiency tests
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8.4.4.2 Step 2.- Bias and reproducibility calculation:

Once all the data are collected, the absolute and relative differences between the result
obtained by the laboratory (Xi) and the assigned value (Y)) are calculated. The mean value
of the results (X), the sum of the absolute Di (¥|D;|), the sum of squares of the Di ( ¥ D?) and
the standard deviation of di (Sd) are then calculated.

Assigned value

(Reference value) Laboratory result Differences (di) | Relative differences (Di)

Y1 X1 di=Y1-X1 Di= 100 x d1/ Y1
Y2 X2 do=Y2-X2 D2= 100 x d2/ Y2
Yn Xn dn= Yn-Xn Dn= 100 X dn/ Yn

Table 8.4-2: Methodology used in the determination of bias and reproducibility

Therefore, in our example:

Pmﬂi?:e?:((:i); test v X di Di (%)
1 0,63 0,68 -0,05 -7,94
2 0,95 0,98 -0,03 -3,16
3 0,76 078 -0,02 -2,63
4 0,58 0,58 0 0
5 0,55 0,52 0,03 5,45
6 0,56 0,57 -0,01 -1,79
7 0,54 0,57 -0,03 5,56
8 0,57 0,58 -0,01 -1,75
9 0,56 0,56 0 0
10 0,75 0,75 0 0
11 0,72 0,68 0,04 5,56
12 0,86 0,87 -0,01 -1,16
13 0,80 0,77 0,03 375
14 05 0,49 0,01 2,00
15 0,65 0,63 0,02 3,08
16 0,80 0,79 0,01 1,25
17 0,72 0,75 -0,03 4,17
18 0,58 0,59 -0,01 1,72
19 0,68 0,68 0 0
20 0,91 0,91 0 0
21 0,51 0,50 0,01 1,96
22 0,64 0,64 0 0
23 078 0,79 -0,01 -1,28
X £(D) > ;- Dy? sd
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0,68 54,2 106,2 0,021

Table 8.4-3: Data used in the determination of bias and reproducibility

As stated before, when a laboratory participates satisfactorily in PT exercises for a long
time, it is possible to use those results to perform method validation and obtain validation
parameters such as bias and reproducibility.

Bias: Calculated as a quotient between the sum of absolute relative differences (|D;|) and the
number of PT rounds included (p).

B(%) = -

B(/{)) - ’ —_ 2,4 /(D
23

Reproducibility: Calculated as the standard deviation of relative differences (Sp):

" (D; — D)2
SD(%)=\/ZL_1;T)

In our example:

106,2

8.4.4.3 Step 3.- Uncertainty estimation

The combined standard uncertainty (uc) is defined as an estimated standard deviation equal to
the positive square root of the total variance obtained by combining all the uncertainty
components. These components are the uncertainty associated to bias and the uncertainty
related to method precision.

— 2 2
Uc = \/ubias + uprecision

Bias uncertainty: Using the laboratory’s experience in PT, the uncertainty associated to bias can
be estimated combining three components:

e Uncertainty related to assigned values of each PT item (Yi) This uncertainty is the
uncertainty of the reference value (URV).

e Uncertainty associated with the mean of the results obtained by the laboratory for the PT
samples (UMV).

e Uncertainty associated with the difference (di) between laboratory’s result and assigned
value. This is the uncertainty associated to a correction term (up).

The formula applied is:
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— 2 2 2
Upias = \/uRV +upy +up
e Uncertainty of the reference value:

In some cases, PT provider may report the uncertainty associated to the assigned
value for each PT item as an expanded uncertainty, indicating the coverage factor
used. In these cases, the standard uncertainty of each assigned value (uavi) is
simply calculated by dividing expanded uncertainty by coverage factor.

Once the standard uncertainty of each PT item is obtained, the uncertainty of the
reference value is calculated as the quotient between the quadratic sum of the
uncertainty of each PT item and the number of PT samples (p), as follows:

2
% Ugy i

p

Upy,i =

However, it is possible that PT provider does not report uncertainties but reports the
standard deviation of the assigned value for each PT item. In these cases, the
standard uncertainty for each PT item is calculated dividing the standard deviation
reported by the square root of the number of participating laboratories (N;).

Sy,i

Ugy,i =

3;

The standard deviation of the reference value is calculated as has been explained
before.

In our example, PT provider reported the standard deviation of the assigned value

for each PT item. Therefore, the standard uncertainty for each PT item is calculated
as follows:
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meiltc;ir:c(?) test N Sy, s
1 48 0,06 0,009
2 58 0,05 0,007
3 47 0,05 0,007
4 54 0,02 0,003
5 44 0,06 0,009
6 43 0,05 0,008
7 55 0,03 0,004
8 46 0,05 0,007
9 56 0,03 0,004
10 46 0,06 0,009
11 55 0,04 0,005
12 47 0,07 0,010
13 49 0,09 0,013
14 51 0,04 0,006
15 49 0,07 0,010
16 53 0,05 0,007
17 47 0,05 0,007
18 41 0,05 0,008
19 44 0,05 0,008
20 46 0,09 0,013
21 51 0,04 0,006
22 62 0,07 0,009
23 55 0,06 0,008

Table 8.4-4: Data used in the determination of the uncertainty of the reference value.

The uncertainty of reference value obtained is:
Yu? 0,015
Upy =J p’”’ = |53~ =0008

e Uncertainty of the mean value

The uncertainty of the mean value is calculated using the standard deviation of the
differences (Sd) and the number of PT items analysed (p):

Sa
Upmy = —=
Jp
In our example:

0,021
=——=10,045

Sq
u = —=
MV \/5 73

e Uncertainty of the correction term:
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The differences (di) between a laboratory’s results and the assigned values reflects
how far away the laboratory results are from the “true values”. Therefore, they can
be used to calculate the uncertainty due to the correction term.

The differences are estimates made in the form of maximum range(zxd), being the
shape of its distribution unknown. Therefore, a rectangular distribution is assumed,
and the following formula is applied:

d
Ug = —=

V3

Method bias has been previously calculated as a relative form (B%), therefore, the
uncertainty associated with the differences can be expressed as:

B(%) x X
Uy = ———
47 100 V3

Being X the mean value of our results (X)).

In our example:

B (%) X Up
2,4 0,68 0,0094

Therefore, in our example, the uncertainty associated to the bias is:

Upias = Jugv +u%, +u% =,/0,0082 + 0,0452 + 0,0092 = 0,013

Precision uncertainty (reproducibility within laboratory): As previously stated, in the present
strategy, reproducibility within laboratory has been calculated from PT results. Uncertainty
associated to the reproducibility (urw) is calculated using the formula:

_ _SD(%)XX

Uprecision — URW =
P 100 x Vn

Where S, (%) is the method reproducibility, X is the mean value of the laboratory’s result and n
is the number of analyses performed in each PT sample.

In our example, as each sample was analysed in duplicate, n is 2.

Sp (%) X URw
2,2 0,68 0,011

Therefore, the combined standard uncertainty is:

U, = \/ugws + 12 oeision =+/0,013% +0,0112 = 0,02
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8.4.4.4 Step 4.- Expanded uncertainty estimation
Once combined uncertainty (uc) is obtained, expanded uncertainty (U) is calculated as follows:
U=u.xK
Where K is the coverage factor. In this case, to obtain the 95% of the confidence, K=2 is used.
Therefore,
U.=u.xK=002x2=0,04g/L
Uncertainty is expressed in absolute form, if a relative form is needed it can be calculated as:

)

0,68

U
Ue(%) = 2 x 100 = x 100 = 5,4%
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8.5 Quantifying Delta-9-Tetrahydrocannabinol (THC) in Blood example and
MUCalc

8.5.1 Introduction

A bottom-up approach was used to estimate the measurement uncertainty of Delta-9-
Tetrahydrocannabinol (THC) in Blood (see Chapter 6). The methodology described here
underpins the development of a Measurement Uncertainty Calculator MUCalc

(nttps://uod.ac.uk/Ircfsmucalc) by the Leverhulme Research Centre for Forensic Science
(LRCFS). MUCalc is an open access white-box software calculator developed using the Shiny
package in R. It is user friendly and displays in detail, all the methods and formulas used in the
calculation for easy understanding and verification of results.

By white-box, it provides a more detailed methodical analysis with a transparent step-by-step
calculation of how each uncertainty component is estimated in a more user-friendly easy to
follow approach. These formulas and calculations are displayed on screen and in a summary
report, generated by software, making it easy for users to understand and cross examine every
result generated by MUCalc. It also provides reference links to published articles to assist users
make informed parameter choices.

The current version of the software is suitable for toxicological samples (e.g. blood, urine) and
seized drug samples (e.g. drug tablets, leaves, powder). Uncertainty components are calculated
in accordance with the standards of International Organization for Standardization ISO/IEC
17025 [1] for

Homogeneity
Calibration Curve
Method Precision
Calibration Standard
Sample Preparation

arwdPE

Each of these uncertainty sources/components is explained in detail in annex Il. In addition to
calculating Uncertainty of Homogeneity, a Homogeneity Test is carried out to test whether there
is a statistically significant difference between group means of samples using a one-way analysis
of variance (ANOVA).

MUCalc offers the choice to fit a linear regression or a quadratic regression to a calibration curve
data with the option to specify weights if weighted least square regression is desired.

Each uncertainty component is calculated separately and then combined to derive the
Combined Uncertainty. If data is uploaded for all components, the Combined Uncertainty is
calculated using all components. An uncertainty component can be excluded from the Combined
Uncertainty by simply not uploading any data for that component. The Combined Uncertainty is
multiplied by a Coverage Factor to derive an Expanded Uncertainty.

MUCalc has the option to calculate a Coverage Factor when a confidence level is specified or
allows one to specify a Coverage Factor directly. Where a confidence level is specified, MUCalc
calculates an Effective Degrees of Freedom using the Welch-Satterthwaite equation. The
derived Effective Degrees of Freedom along with the specified confidence level is used to read
a value termed Coverage Factor, from a T-Distribution table.

MUCalc summarises all results in a single tab and can also generate a pdf report giving in detail,
data supplied and calculations performed by the software. The development of MUCalc is
ongoing, detailed information on the current version is available at
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https://doi.org/10.5281/zenodo.3944694 and a live version available at
https://uod.ac.uk/Ircfsmucalc. See specifications of MUcalc (Annex IlI). The -calculations
described in this THC example below can be done using MUCalc, and are published in Klu et
al.(2021) [19].

8.5.2 Strategy of uncertainty calculation

8.5.2.1 Step 1 - Specifying the Measurand

The measurand is the concentration of the THC analyte (ug/L) in a blood sample expressed
using the relationship:

xCS

XTHC = 2 X fprecision (ng/L) 1)

where x_cs is the amount of THC in the case sample, V is the volume of the case sample and
forecision IS the correction factor for method precision.

8.5.2.2 Step 2 - Identify the Sources of Uncertainty

With reference to Equation (1), the sources of uncertainties associated with quantifying THC in
blood are identified using the cause and effect diagram displayed in Figure 8.5-1. The main
uncertainty sources are from method precision, sample volume, calibration curve and the

preparation of calibration standards.

In the next sections, each of these uncertainty sources are quantified in detail and combined to
obtain an overall measure of uncertainty.
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Calibration
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purity—»\ "‘-‘,\
Working solution B, 1 \“w.
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flask10 pip-100
Calibration \ A
Standards 1 » ]
pipi25 pip-1000 /,r‘ _ <+—Linear curve
Working solution C¢p \ 7 1 _—‘7,:’4—'Dlp-25
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/
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/
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Volume Method precision

» XTHC

Figure 8.5-1: Cause and effect diagram for identifying the sources of uncertainty in quantifying THC in blood. A 25 uL
pipette is denoted with pip-25 and a 10 mL volumetric flask is denoted with flask-10.

8.5.2.3 Step 3 - Quantifying Uncertainty Sources

For simplicity, the uncertainty associated with the preparation of calibration standards was
calculated separately from that of the calibration curve.

Uncertainty of the Calibration Standards

The uncertainty associated with the calibration standards combines the uncertainties stated on
the Certificates of Analysis of the Certified Reference Materials (CRMs) and the inaccuracies of
all measuring equipment (e.g. pipettes and volumetric flasks) used to dilute the CRMs and spike
blank blood samples when preparing a calibration curve. The structure of how the THC CRM
was diluted to make other solutions in preparing the calibration curve is displayed in Figure 8.5-
2.
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THC

Stock Solution
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J
{ |
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Figure 8.5-2: The structure of THC dilution process for the preparation of the calibration curve.

The volume, tolerance, and coverage factor (k) of pipettes and volumetric flasks used as given
in the manufacturer’s reference material, are given in Table 8.5-1, along with the number of
times each pipette and volumetric flask was used in the preparation process for each standard
solution.

The standard uncertainty (u) of THC as well as that of pipettes and volumetric flasks is given by
u = Tolerance/k, and the relative standard uncertainty (RSU) is given by u = u/Volume. These
are summarised in Table 8.5-2, together with the uncertainty associated with the preparation of
calibration standards.
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THC CRM
Purity Tolerance  Coverage
(mg/mL) (mg/mL) factor(k)
THC 1 0.033 2
Solutions
Pipette/ Volume Tolerance Coverage Times
Flask ML pL  factor(k) used
Stock Solution AcaL
pip-25 25 0.30 2 1
pip-1000 1000 5 2 2
Working Solution Bcac
pip-50 50 0.30 2 1
pip-1000 1000 5 2 7
Working Solution CcaL
pip-100 100 0.3 2
flask-10 10000 25 33
Calibration Standards
1-3 pg/L- (Cali-s) pip-25 25 0.30 2 9
pip-50 50 0.30
pip-1000 1000 5
4-10 pg/L (Cals-10) pip-25 25 0.30 2 7
pip-50 50 0.30
pip-1000 1000 5 2

Table 8.5-1: Data on THC CRM purity, pipette and flask used for solutions preparation.
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RSU of THC CRM, volumetric flasks and pipettes

u(Purity) =22 = 0.0165, u, (Purity) = 0'01165 = 0.0165
u(pip-25)= 22 = 0.15, u, (pip — 25) =0'2—;5 = 0.006
u(pip-50)= 22 = 0.15, u,(pip-50) =2 = 0.003
(pip-100)=2% = 0.15, u,(pip-100)= 32 = 0.0015
u(pip-1000) == = 2.5, u,(pip-1000) = 2.5/1000 = 0.0025
u(flask-10) =22 = 14.43376, u, (flask-10)= 22337¢ — ¢.00144

V3 10000

RSU of working standard solution

u,(Acar) = \/ur(Purity)‘ + u,(pip — 25)% + 2 x u,(pip — 1000)“

=+0.0165% + 0.006% + 2 x 0.00254

= 0.01791

u,(Bear) = Vur(Aca)? + u,.(pip — 50)% + 7 ur(pip — 1000)“

=+0.01791% + 0.003% + 7 x 0.0025~4

= 0.019327

u,(Ccar) = VU, (AcaL)? + u.(pip — 100)% + u,(flask — 10)4

=+0.01791% + 0.0015% + 0.001444

= 0.018

RSU of calibration standards 1-3 ug/L and 4-10 pg/L

u,(Caly_3) = Ju,(Bca)” + 9 X u,.(pip — 25)% + u,(pip — 50)* + 5 x u,(pip — 1000)~

=+0.0193272 + 9 x 0.0062 + 0.0032 + 5 x 0.00252

= 0.02716

u, (Caly_q9)
= Ju,(Ccar)? + 7 X u,.(pip — 25)% + 3 x u,.(pip — 50)%* + 5 X u,.(pip — 1000)*

=+0.018% + 7 x 0.006% + 3 x 0.003% + 5 x 0.0025%

= 0.0252

Table 8.5-2: Calculations of RSU for THC CRM, volumetric flasks, pipettes, stock and working solutions used for
calibration standards 1-3 pg/L and 4- 10 pg/L.
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The RSU associated with the preparation of calibration standards was obtained by combining
the RSU of u,.(Cal,_3) and u,. (Caly_4) as:

u,(CalStd) = /u,.(Cal;_3)% + u,(Caly_10)?

=+/0.027162 + 0.02522

=0.0371

Uncertainty of the Calibration Curve

The uncertainty associated with the fitted calibration curve is estimated using the error
propagation formula:

bl Tes n Sxx

Sy = [PRIZ IV, ©

Sy/x) Is the residual or standard error of regressing y on x

b_1 is the slope of the regression line

r_cs is the number of replicates made on the case sample to determine x_cs
n is the number of measurements used to generate the calibration curve
x_cs is the mean amount of THC in the case sample

(x) is the mean value of the different calibration standards

x_i is the target calibrator concentration at the ith level

S_xx is the sum of squares deviation of x given by ¥ _i#(x_i — x )"2

wcoun = S JL+E+M, @

Where:

The relative standard uncertainty is given by

u(CCur)

u, (CCur) = (4)

cs

Consider the calibration curve data of peak area ratios for 10 concentration levels {1, 1.5, 2, 2.5,
3,4,5, 6,8and 10} pg/L given in Table 8.5-3 along with the coefficients of the linear regression
and the sum of squared deviations.
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Concentration Peak Area Ratios

(x) ) (x —x)"2 y=b0 +b1lx ((y-—y)"2

1 0.50936 10.89000 0.46247 0.00220
15 0.73972 7.84000 0.72863 0.00012
2 1.00815 5.29000 0.99479 0.00018
25 1.24273 3.24000 1.26095 0.00033
3 1.53580 1.69000 152711 0.00008
4 2.09479 0.09000 2.05943 0.00125
5 2.50074 0.49000 2.59175 0.00828
6 3.06545 2.89000 3.12407 0.00344
8 415375 13.69000 4.18871 0.00122
10 5.34078 32.49000 5.25336 0.00764
x Sux = 2(x —x)"2 Xy = y)Hr2

4.3 78.6 0.02474

Intercept bo -0.06985

Slope b1l 0.53232

R2 0.9989
n 10

Table 8.5-3: 10 concentration levels versus Peak area ratios, linear regression coefficients and the sum of squares
of regression for the calibration curve data.

The standard error of regression can be computed using Equation (3) and values from Table
8.5-3 as

A 0.02474
y/x = 110 -2

= 0. 05561

From the calibration curve data in Table 8.5-3, at each calibration level, one replicate is analysed
for generating the calibration curve according to laboratory protocol. To obtain a more reliable
estimate of the standard error, standard errors from previous calibration curve data can be
pooled. Pooling the errors gives a better estimate for the standard error of regression by taking
into account different laboratory conditions over different days. The standard errors of a further
10 calibration curve data sets is summarised in Table 8.5-4, and the pooled standard error of

regression, Sp(y/x)’ is calculated using Equation (5) as:

S _ [E(-1)S5,
Poro | Y(n-1)

_|0.38558 ®)
B 98

= 0.06273
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Substituting the pooled standard error, S, as an as an estimate for S,, /., the uncertainty of

/x)’
the calibration curve from Equation (2) becomes

w(CCury = Pom |11 G = B
bl Tes n Sxx '

_0.06273 1+ 1 N (2—- 4.3)2
T0.53232 2 10 786
= 0.09626

For a given case sample, two replicates are taken r.; = 2 and the average reported. For an
average concentration reading of x.; = 2 pg/L, the relative standard uncertainty of the calibration
curve using Equation (4) is given by

w(CCur) = 0.09626
2
= 0.04813
n n-1 Sy/x (n — 1)532//x

10 9 0.05561 0.02784
0 9 0.05127 0.02366
10 9 0.03796 0.01297
10 9 0.07499 0.05061
10 9 0.04149 0.01549
10 9 0.04626 0.01926
10 9 0.05563 0.02786
10 9 0.04353 0.01705
10 9 0.11674 0.12265
10 9 0.04294 0.01660
9 8 0.08031 0.05160
T(n-1) >(n—1)sy,,
98 0.38558

Table 8.5-4: The standard error and sum of squares deviation of 11 different calibration curves.

Uncertainty of the Method Precision

The quality control (QC) data for evaluating the uncertainty of the method precision is
summarised in Table 8.5-5. Blank blood samples were spiked with THC at three concentration
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levels: 2 ug/L (low), 5 ug/L (medium), and 10 pg/L (high). For each concentration level, three
replicates were analysed over eleven separate days using a freshly prepared calibration line

each day.

The uncertainty associated with the method precision u(Precision) is estimated for each
concentration level 2ug/L (Low), 5 pug/L (Medium) and 10 ug/L (High) using a pooled standard
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deviation (S_p) approach given by

u(Precision) =

where S, similar to Equation (5) is given by

v_i is the degrees of freedom of the ith sample, S_i is standard deviation of the ith sample and

Sp
Vres

(9)

Concentration

Peak Area Ratios

(g/L) Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11

Low

2198  1.825 2144 2108 2065  1.810 1993 1.829 1786 2044 1851
2 1988 1920 2166 2052 2002 1806 1942 1768 1.880 1810  1.822

2161  1.851 2182 1972 2152 1795 1931 1.826 1785 1896  1.701
Mean 211567 1.86533 2'1840 2.04400  2.07300 1'8336 1'93?53 1'8376 1'80170 1.91667 1'7??13
Std. Dev 011210 0.04910 0.05190 0.06835 0.07532 0'0;)77 0'08330 0'05’43 0'0(?45 0.11836 0'067 9
Medium

4885 5067 4893 4986 4884 4377 4969 4475 4801 4731  4.405
5 4869 5266 5037 4906 4913 4672 4641 4549 4535  A718  4.472

4806 5086 5141 4867 4863 4684 4737 4388 4611 4709  4.402
Mean 485333 5.13967 5'07236 491967 4.88667 4'577 76 4'7:?23 4'477 06 4'68‘90 471933 4'4563
Std. Dev 0.04177 0.10982 0'1245 0.06067 0.02511 0'15 38 0'13?86 o.ogos 0'1f70 0.01106 0'05’95
High

9952 9045 9851  10.306 10054 9219 9493 9732  9.327 8.609
10 9910 10235 9.940 10299 9616 9249 9091 9322 8988  10.972

10.002 9941 9740  10.840 10473 9275 9225 9224 9255 11199  8.936
Vean oosag; 100403 98436 104816 100476 92476 9.2696 9.4260 91900 110855 B8.7725

: 3 7 7 7 7 7 0 0 0 0
Std. Dev 0.0466  0.16860 0'1802 031035 0.42854 0'02280 0'2846 0'2395 0'1g 86 016051 0'22312

r_cs is the number of case sample replicates.

The relative standard uncertainty of the method precision, u_r (Precision), is calculated by
dividing the standard uncertainty by its nominal value (NV) or by the mean concentration of

replicates on NV (x _NV).
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o u(Precision)
u_r (Precision) = — v
Concen. Nominal Star?dfard. Degrees of q= Pooled S Case S.ample U?]tca(;]r(tjaaizdty Relative
tration Value (NV) Deviation Freedom § x v S, = Replicate (Su) SuU
pg/L s v JIa/zv Tes U=S,/Te u, = u/NV
Low 2 0.11210 2 0.02513 0.06832 2 0.04831 0.02415
0.04910 2 0.00482
0.01908 2 0.00073
0.06835 2 0.00934
0.07532 2 0.01135
0.00777 2 0.00012
0.03308 2 0.00219
0.03439 2 0.00236
0.05456 2 0.00595
0.11836 2 0.02802
0.07956 2 0.01266
v = 22 >q = 0.10268
Medium 5 0.04177 2 0.00349 0.10412 2 0.07362 0.01472
0.10982 2 0.02412
0.12454 2 0.03102
0.06067 2 0.00736
0.02511 2 0.00126
0.17389 2 0.06047
0.16863 2 0.05687
0.08059 2 0.01299
0.13701 2 0.03754
0.01106 2 0.00024
0.03958 2 0.00313
v =22 >qg = 0.23851
High 10 0.04606 2 0.00424 0.22525 2 0.15927 0.01593
0.16860 2 0.05685
0.10020 2 0.02008
0.31035 2 0.19263
0.42854 2 0.36728
0.02802 2 0.00157
0.20469 2 0.08379
0.26950 2 0.14526
0.17860 2 0.06380
0.16051 1 0.02576
0.23122 1 0.05346
>wv = 20 >q = 1.01474

Table 8.5-6: Uncertainty of the method precision calculation for concentration levels 2 pg/L (low), 5 pg/L (medium),
and 10 pg/L (high).

The calculations for the uncertainty of method precision are detailed in Table 8.5-6 for each
concentration level. From Table 8.5-6, the RSU of method precision for a given x_cs is the value
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with the closet nominal value (NV) to x_cs. Hence, for x_cs = 2, the closet nominal value is NV =
2 and the uncertainty

u,(Precision) = 0.02415.

Uncertainty of the Sample Volume

The RSU of the volume u(V) of case blood sample is equivalent to the uncertainty of the pipette
used which is the pipette pip-1000. From Tables 8.5-1 & 8.5-2, the pipette pip-1000 has volume
1000 L with a tolerance of 5L and a reference certificate coverage factor of 2.

u(V) =5/2 =25

wy =2 _ 23

8.5.2.4 Step 4 - Combined and Expanded Uncertainty

Calculating the Combined Uncertainty

The concentration of THC in case sample from Equation (1) is xryc =2/1 =2 pg/L. The
combined uncertainty, u., is obtained by combing all the individual uncertainty components as
follows:

Uc

= \/ur(Precision)z + u,.(CalStd)? + u, (CCur)? + u,(V)?
THC

Hence,

U, = Xpye X A/u, (Precision)? + u,(CalStd)? + u,.(CCur)? + u,.(V)2

=2 ><\/0:024152 + 0:03712 + 0:04813% + 0:00252

= 0.131 pg/L

The Effective Degrees of Freedom and Coverage Factor
To obtain a suitable coverage factor k, the effective degrees of freedom v is calculated using
the Welch-Satterthwaite equation generally defined as:

u4-

2 u‘(‘l) /v (©)

Vess =

where u, is the combined uncertainty, u, is the individual standard uncertainty component [

combined to obtain u., and v, is the degrees of freedom for each uncertainty component [. With
the use of relative standard uncertainties for the combined uncertainty, Equation (6) becomes

]’
XTHC

h, u:f(l)/vl

Vets =
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]’
_ XTHC
u, (Precision)* +ur(CalStd)4 + u, (CCur)* _I_uT(V)4
V(Precision) V(calstd) V(ccur) 44%)
0.1317*
_ 2
©0.024154  0.03714  0.04813% 0.0025%
57 + = + 3 + >
= 26.8

The degrees of freedom for the preparation of calibration standards and sample volume are
unknown and therefore v(caswa) = vvy = . From the t-distribution table with a 99.7%
confidence interval, a coverage factor of ky_ 9979, = 3 is chosen for calculating the expanded
uncertainty.

Calculating the Expanded Uncertainty

Finally, the expanded uncertainty is obtained by multiplying the coverage factor by the combined
uncertainty:

U=kxu,
=3x0.131
= 0.393pg/L

The concentration of THC in the case sample is given by 2+ 0.393 ug/L.
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8.6 Predicting net weights of khat mardoufs

Khat is a flowering plant (Catha Edulis) growing naturally in East Africa and on the Arabic
peninsula. It is consumed as a drug (chewing), since it contains cathinone (an alkaloid), and is
classified as a drug of abuse by WHO, however not considered to be a seriously dangerous
drug. In Sweden, khat is classified as an illicit drug, hence it is illegal to import and have in
possession.

Khat is prepared in bundles of suitable size for chewing. In the distribution of the drug, several
bundles are packed into a so-called mardoufs. When smuggled, sacs with about 100 mardoufs
are shipped.

To avoid drying of the material, a mardouf is wrapped in banana leaves. When customs (or
police authorities) should deem upon the amount of khat that is seized, there is a tedious work
of removing all banana leaves before the material can be weighed. Therefore, a model for
estimating the weights of the wrappings from the gross weight of the seizure to approximate the
net weight has been developed (integrative approach, see Chapter 6).

8.6.1 Linear regression model

In a study at NFC of a total of 260 seized mardoufs their gross weights and wrapping weights of
the covers were measured. A scatter plot is shown in Figure 8.6-1a.

o | (=

o w

(=2 o |
-9 o]
S o | = o o |
o ¥ o v
2 g
D 4 ke
2 %1 x 2 3
(o)} o
c C
£ o | 8 o
a % T
© o
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o o 4

T T T T T T T T
0 50 100 150 0 50 100 150
Gross weight (grams) Gross weight (grams)
(a) (b)

Figure 8.6-1: Wrapping weight plotted against gross weight for 260 seized mardoufs of khat (a); and a least-squares
fitted regression line to the points (b).
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The relationship between wrapping weight and gross weight seems to be quite linear, although
there is quite an amount of variation not explained by a linear relationship. A robust model would
therefore be a linear regression model. Let ww denote the wrapping weight of a and gw denote
the gross weight of a randomly selected mardouf. The linear regression model is then expressed
as

ww=a+b-gw+e

where b is the slope of the line (of the theoretical linear relationship), a is the intercept (where
the theoretical line crosses the vertical axis, and e stands for the deviation from the line
(explaining why not all points lie strictly on a line — usually referred to as the error term). ). For
the subsequent analysis, we assume that for different pairs of ww and gw the corresponding
deviations (the e’s) are independent and identically distributed with zero mean and constant
variance, a2 (hence also independent of gw).

8.6.2 Prediction of net weight and its uncertainty

Now, once parameter estimates have been obtained, we can predict the net weight, nw = gw —
ww of a newly seized mardouf with gross weight gw, as

n/WO:gWO—VWVO=gw0—(&+5-gw0)=(1—5)-gw0—&
Moreover, @ and b are unbiased estimates of a and b respectively and hence
E(mw,) = (1 —b) - E(gwo) —a

Thus, a potential bias in this prediction is due to whether there is a bias in the measured gross
weight of the new mardouf.

The uncertainty of nw, will however depend both on the uncertainty of the parameter estimates
and the uncertainty of the measured gross weight of the new mardouf. For the deduction of the
uncertainty, we use the simplification that the uncertainty of the parameter estimates stems from
the uncertainty of the measured wrapping weights wwy, ww,, ..., ww, only (n = 260 in the
example). This is how inference for linear regression is regularly pursued — it is a model
combining the conditional mean of the wrapping weight given a gross weight and the “random”
deviation from that mean.

We could consider contribution from the uncertainty of the measured gross weights
gws, gw,, ..., gwy, but consequently with much more involved deduction of the uncertainty of
nw,. The scatterplot of wrapping weights against gross weights in Figure 8.6-1b reveals that the
deviations from an assumed underlying straight line are far from being explained by
measurement error only — the banana leaves used cannot be tailored to the mardouf they should
cover, while the uncertainties of the measured gross weights would simply be due to
measurement error.

Hence, the difference in deduced uncertainty for the expression a + b - gw between using and
not using uncertainty in the measured gross weights can be considered negligible compared to
the level of uncertainty coming primarily from the parameter estimates @ and b. Notwithstanding,
we will include the measurement uncertainty of the gross weight of the new mardouf even though
its contribution is expected to be small.
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An estimate of the variance of nw, can be deduced to (using variance calculations from least-
squares fitting of a regression model):

Var(nw, ) =

aé

= W(ogw() + (gWO + blaSo) + (gW)z -2 gW (gWO + blaSO))

62
+(1-5)"- 62, + -~

where &, gw and bias, are taken from an analysis of the uncertainty of the measurement gw,,

and 62 = ﬁ i=1(WWi —a-b- gwi) (usually referred to as the mean square sum of residuals
or errors, SSE). The expression for the standard uncertainty then becomes

6¢ (AZ — Nz _ — ) N2 62
S S E— + +5 +(@w)? —2-gw- +5 +(1-56)*-62, +—
u \/Z?ﬂ v —aw)? 62y, + (gwo + biasy)” + (gw) 9w - (gwo + buasy) | + ( )" 62, -

Now, assume we have measured the gross weight of a new mardouf to be 65.0 grams. The
estimated bias of this measurement is rounded off to zero (so small it can be neglected). The

standard uncertainty is calculated as ug,,, = |62, = 0.02 grams.

From the 260 pairs of measured gross weights and wrapping weights plotted in Figure 8.6-1a
we obtain the following:

Y1 (gw; — gw)? = 22404 ; 62 ~ 14.09 ; gw = 74.8 grams ;d ~ —9.70 b ~ 0.427

and the standard uncertainty is

14.0 (0022 + (65.0 + 0)2 + 74.82 — 2- 74.8 - (65.0 + 0)) + (1 — 0.427)2 - 0.022 + 14.09
22404 260

=~ 0.339

8.6.3 Expanded uncertainty

For obtaining the expanded uncertainty, we must remember that nw, is used as a prediction of
the actual wrapping weight of the new mardouf, while the uncertainty deduced above is for the
estimation of its expected or mean value.

The prediction error is

1MWy — nwy = W, — (gwy — ww,) = 1w, — (1 — b) - gwy —a — e

where e, is the unknown deviation from the linear relationship between nw, and gw,. This term
would give a large contribution to the expanded uncertainty compared to Var(niw,).

The expected (mean) value of the prediction error can easily be shown to be zero, and an
estimate of the variance of the prediction error can be deduced to

Var(nw, — nw,) =
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62

 Xii(gw; — gw)?

— N 1
<6;W0 + (gwo + bla50)2 + (gw)? —2-gw(gw, + bla50)> + 62- (1 + E)

The standard uncertainty of the prediction error is thus

Upe = iz — <62W + (gwo + blaso)2 + (gw)2 — 2 - gw(gw, + blaso)) + 62 - (1 + l)
P Z?=1(gwi —gw)? gwe n

The prediction error is a linear combination of the product of two random variables (b — b and
gw,) and two other random variables ((a — @) and e, respectively). It is therefore not normally
distributed, and it is not possible to apply any t-distribution to deduce the expanded uncertainty.
We may use Chebyshev’s inequality to obtain an interval for the prediction error with coverage
at least 95%.

Chebyshev’s inequality applied to the prediction error is

P (InWO —nwy| > k- \/Var(ln’vVO - nwol)) < =
Setting 1/k? to 0.05 gives k = /1/0.05 ~ 4.47

Hence, an expanded uncertainty for the predicted net weight — considering that the uncertainty
up, is based on an estimate of the true variance of the prediction error — can be set to

52 R . o . R 1
U=45 -\/Z?zl(gwj— T2 <ngw0 + (gwo + buasy)” + (gw)? — 2 - gw(gw, + bla50)> + 62- (1 + E)

With the numbers used to calculate the uncertainty of riw,, in the previous section the expanded
uncertainty becomes

14.09 1
~ 45 |——(0.022 ) 2 82_-2.74.8- (65. 09 - — )~
U~ 45 \/22404(002 +(65.0 + 0)2 + 74.82 — 2 - 74.8 - (65.0 + 0)) + 14.09 (1+260>

~ 17.0

The net weight of a mardouf weighing 65.0 grams is thus (1 — 0.427) - 65.0 — (—9.70) = 46.9
grams with a 95% error margin of 17.0 grams.

We note that the impact of the uncertainty (0.02) of the measured weight of 65.0 grams is
negligible.
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8.7 Velocity estimation on a speeding car in video images

In the previous examples it often was described how to deal with measurement uncertainty in
cases where many reference measurements are available, such as through control charts. In
casework where this is not the case it may be relevant what the (combined) measurement
uncertainty is as well though and publications are found in literature as well. One example is that
of velocity estimation on a speeding car in video images, see [20, 21]. Here limited controlled
experiments are performed, based on which measurement uncertainty is determined (integrative
approach, see Chapter 6).

Closed Circuit TV (CCTV) systems often record vehicle motion prior to incidents. From the
footage an estimate of the average velocity of the vehicle between two frames can be calculated.
Estimation may be based on estimating the travelled distance of the car between two images
and the time elapsed on the camera system, estimation of the velocity is by division of the two.
In [20] and [21] it is described how it is possible to quantify the corresponding measurement
uncertainty.

The measurement uncertainty on the reported velocity may be derived using validation
recordings of a car driving by at known velocity. If for example a statistical linear regression
model is applicable, confidence or (Bayesian) probability intervals can be determined for the
unknown velocity of the speeding car. An example of this is as follows.

8.7.1 Case

A car driving by is recorded by a camera system (CCTV-system). In figure 8.7-1, two consecutive
images are shown of the car driving by. Just beyond the view of the camera the car hits a
motorbike and the driver of the motorbike dies. The question is: what was the velocity of the car
driving by in the video?
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Figure 8.7-1: Two consecutive images of the car driving by in the case.

8.7.2 Method

The average velocity of the car is calculated from the video images using a 3D-model from the
scene and the car. To calculate the measurement uncertainties an investigation at the scene
took place. Test drives with a similar car were carried out at different velocities. The ground truth
of the velocity was recorded by a data logger and the test drives were recorded (reference
recordings) by the same CCTV-system that recorded the incident. The velocity of the car in the
reference recordings is measured using the same method (3D-model) as was used for the
incident recording. The differences between the measured velocity (from the images) and real
velocity (from the data logger) is used to calculate the systematical and random error. These
two errors are used to calculate the measurement uncertainties and calculate a confidence
interval for the velocity of the car in the images of the incident. The statistical model to obtain
the confidence interval is described in [20]. In figure 8.7-2, two consecutive images are shown
of a car driving by in a test drive.
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Figure 8.7-2: Two consecutive images of a car driving by in a test drive.

8.7.3 Results

Results of the test drives are given in Table 8.7-1.

Reference drive | Measured (km/h) | Real (km/h)
1 60.9 61.6
2 70.3 71
3 79.5 815
4 88.8 90.5
5 98.2 99.8
6 324 33
7 40.4 41.3
8 49.7 50.5
9 59.2 60.9
10 68.8 70.3
11 79.5 81.5
12 89.3 91.5
13 98.3 100.1
14 30.1 30.8
15 39.2 40.3
16 59.5 60.9
17 68.6 70.6
18 78.0 79.8
19 89.0 90.3
20 97.9 99.6
21 30.0 30.5

Table 8.7-1: Results for the measured and real velocities in the test drives.
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In Figure 8.7-3 the results are depicted.
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Figure 8.7-3: lllustration of the results of 21 test drives. On the x-axis, the real velocity of the car is given, on the y-
axis the calculated / measured velocity.

Overall the results are as follows:

o Measured average velocity of the questioned car in the images: Vinage = 62.8 km/h;
e Number of test drives: n = 21;

e Average difference from measured velocity — real velocity over all test drives:
5 =-1.36 km/h;
e Standard deviation from average difference: s = 0.54 km/h.

The average difference of § = -1.36 km/h means that the measured velocity in the images is on
average systematically underestimated by 1.36 km/h. The measurement of the average velocity
of the car is compensated for this systematical error and therefore becomes:

Vincindent = Vimage - S = 628 km/h + 136 km/h = 642 km/h

The boundaries of the confidence interval can be derived by calculating the contribution of the
random error Vrandom:

Vrandom = S fn—l,confidence 1+ E
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where &n.1, coniidence IS the quantile corresponding to the Student’s t distribution with n-1 degrees
of freedom and given level of confidence. In the reference [20] quantiles are given for (n-1) =
1,...,» and, confidence level 90% , 95%, 97.5% and 99%, for 2-sided intervals.

With the number of test drives being n = 21, so (n-1) = 20, gives a quantile of 2950 = 2.09 for
a 95% confidence interval. The random error becomes:

Vrandom = 0.54 x 2.09 x V(1+(1/21)) = 1.16 km/h.

The upper limit of the 95% confidence interval can now be calculated by

Vincindent + Vrandom = 64.2 km/h + 1.16 km/h = 65.3 km/h
(rounded to one decimal after full digit calculation) and the lower limit by

Vincindent - Vrandom = 64.2 km/h — 1.16 km/h = 63.0 km/h.
Therefore, the 95% confidence interval for the average velocity of the car is:

Vincident = [63.0, 65.3] km/h.

In [21], a Bayesian approach is described in which based on a linear regression model,

probability distributions are generated for the model parameters and subsequently the velocity
of a car in a case.
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10 AMENDMENTS AGAINST PREVIOUS VERSION

Not applicable. This is the first version.
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ANNEX 1.  STATISTICAL BACKGROUND TO DETERMINATION OF
MEASUREMENT UNCERTAINTY BASED ON IN-HOUSE
VALIDATION OR PROFICIENCY TESTING

The term “measurement uncertainty” reveals that what is measured is not to be treated as exact.
Expressing it differently, it means that if we make another measurement, we do not expect to
get exactly the same value as with the first measurement. This in turn means that there is some
unpredictable variation in the outcomes of measurements, and variation as a concept is what
constitutes the base for statistical science.

Although there is unpredictable variation present, we must try as far as possible to quantify how
big it is and to what extent it affects the interpretation of measured values. If we for instance
should make a quantification of the purity of some drug powder, e.g. amphetamine, our
measurement may give a value like 57.3%. This can be from a single quantification analysis, or
it can be the average of a few repeated analyses. No matter which, it is important to know how
accurate this measurement is with respect to what the true purity of the powder is. The
unpredictable variation may be large meaning that the true purity may with high certainty be in
a quite wide interval, say between 45% and 70%, which means that a reported value of 57.3%
is not that accurate. But it can also be in a narrower interval, say between 55% and 59% in which
case 57.3% would be considered accurate, especially with respect to future decisions in the
judicial process that will make use of the reported result from this quantification.

Therefore, outcomes of measurements should always be accompanied by appreciated
uncertainties of the reported values to guide the end-user on the accuracy of them.

Al.1 PRECISION AND ACCURACY

The two terms precision and accuracy are sometimes confused (and may also be confused with
the term resolution). We revisit the definition of precision and accuracy in terms of measurement
uncertainty:

Precision is how much a measurement may vary with respect to all sources of variation. To
guantify the precision, measures of dispersion from statistical models are used, of which the
most common is variance (or standard deviation).

Accuracy is how close to the target value a measurement is. This has not only to do with the
variation of the measurement, but also whether there are systematic deviations or not. A
measurement may have high precision but may still have low accuracy. To quantify the accuracy
both measures of location and dispersion from statistical models must be used.

Al.2 RANDOM VARIABLES

A quantity - like a measurement - the value of which is not fixed and cannot be exactly predicted
on forehand is referred to as a random variable. There can however be knowledge about how it
varies — which values it can attain and with which probabilities these values are attained. This is
referred to as the probability distribution of the random variable. One important characteristic of
such a probability distribution is its mean or average, which is the “centre” of the distribution. In
this text we will use the term average since this is the used term in several other guidelines and
quality documents on measurement uncertainty. However, it is important to separate the
average value of a random variable from the average of a fixed number of measurements (a
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sample average or arithmetic mean). The latter is a quantity based on collected data, while the
former is a theoretical and usually unknown quantity. This is the reason to why in the statistical
literature the term mean or expected value is preferred.

Another important characteristic of a probability distribution is its variance, which measures the
dispersion of the possible values (the range of the probability distribution).

In statistical models these two measures can be straightforwardly calculated for sums of random
variables — here applied to combination of components of measurement uncertainty. When the
random variables do not affect each other in their values, referred to as independent in statistical
theory, their averages and variances can be summed to obtain the average and variance of their
sum, which is an important property used in combining components of measurement
uncertainty.

Related to the variance is the standard deviation, which is simply the square root of the variance.
This measure is easier to interpret since it is on the same scale as the random variable itself,
but in contrast to the variance, the standard deviation of a sum of random variables is not the
sum of the standard deviations for the individual random variables. To obtain the standard
deviation of a sum of several independent random variables, we must first calculate the sum of
the variances and then take the square root this sum to obtain the standard deviation.

In mathematical notation we can write it like the following:

X is a random variable, its average is denoted p, its variance is denoted o2 and its standard deviation is
(naturally) denoted o.

IfY = a-X+ b, where a and b are any constants, then u, = a-u + b, 0 = a? - 62, and oy = |a| - 0, where
|a| is the absolute value of a (e.g. 2] = 2,|—-2] = 2).

If X;,X,, ..., X, are n independent random variables with averages p,, i, ..., 4, and variances ¢2, 62, ..., 6.2;
and Sum = X; + X, + - + X,,, then the average of Sum is

Usum = Mg Tty + -+ iy,
the variance of Sum is
02 =02+ 02+ -+ 0?2,

and the standard deviation of Sum is

— 2 2 2
Osum =02 + 02 + -+ 02 .

If X;,X,, .., X, have equal averages (=) and equal variances (= ¢?) their arithmetic mean X, =

X1+Xp++X, . 2 o
% has average u, variance % and standard deviation j—ﬁ
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Al.3 MEASUREMENTS AND MEASURANDS - STATISTICAL MODEL

To understand how the different components of calculating measurement uncertainty occur, we
must formalise the measurement situation and introduce terms representing these components.
From now on we will use the term “estimate” instead of “calculate”, since estimate means
(numerical) approximation of an unknown quantity, while calculate is a more general term.

A measurement is from a data point of view the obtaining of a numerical value. We choose to
denote this value x.

This measurement is treated as an approximation of the true value of the measurand (the
guantity to be measured). We denote this value m.

The relationship between x and m constitutes the ground from which the components of an
estimated measurement uncertainty are identified and estimated. This relationship should
account for

e bias — the systematic difference between the measurement and the measurand, which
is the difference between the average of (an infinite) number of measurements made on
the same object and the true value of the measurand (of this object)

e repeatability — the measurement precision under a set of repeatable conditions (same
apparatus, sample, operator, room temperature etc.)

e reproducibility — the degree of agreement between measurements made on the same
object (identical samples of it) under different investigating situations (e.g. using different
apparatus, operators, time and date, environmental conditions etc.)

e stability — how stable the measurement process is over time, i.e. how the accuracy of the
measurements changes

Stability may be included in reproducibility assuming different dates is a kind of investigation
situation. High degrees of repeatability and reproducibility respectively actually mean low
variation among the measurements, but in a statistical model it is impractical do use such
degrees as components since they then would have to be inverted to show their contribution to
the uncertainty. Therefore, repeatability and reproducibility are represented by the variance they
contribute with.

In the statistical literature repeatability is usually referred to as unexplained variation (or
sometimes random error), while reproducibility is referred to as explained variation since it is
possible to trace it back to its source (different instruments, different operators etc.). Stability is
related to time and is of main interest for studying the performance of a particular instrument (or
a general measurement setup) over time to estimate drift. When the measurement uncertainty
of a particular result should be estimated it is therefore more practical to include it in the degree
of reproducibility.
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Al.3.1 The General Model

A statistical model for the relationship between the measurement X and the measurand m can
be written

X=m+B+D+E (1)

where B (naturally) stands for the deviation between X and m due to the bias, D stands for the
deviation between X and m due to the degree of reproducibility, i.e. due to that a certain
instrument, operator etc. have been used, and E stands for the deviation between x and m due
to the degree of repeatability, i.e. due to the unexplained variation between repeated
measurements on the same object under the same conditions.

In a traditional setup the components m and B in expression (1) are both fixed, but their values
are not known. The term B would then be the actual deviation between the measurement x and
the value of the measurand m due to a systematic error. However, when measurement
uncertainty in general should be appreciated it has to be considered that the bias may vary from
case to case. Hence, the term B should rather be considered as a random contribution to the
measurement that is separate from the contributions due to reproducibility or repeatability. This
also means that seen over all possible measurements that can be taken there is an average
bias, which we can denote b. This can be written as

B=b+6

where b is the average bias (of measurements of the current measurand) and § is the random
deviation with average 0 and variance o3.

The components D and E are both in the analysis of measurement uncertainty considered to be
random with zero as average value. However, their variances must be considered when
estimating measurement uncertainty.

From (1) we can see that the measurement error is

Q=X-m=B+D+E )

Al.3.2 A simplified model

The separation of variation due to the degrees of reproducibility and repeatability respectively
that is used in expressions (1) and (2) allows for separate estimation of the contributions to
uncertainty from these components. However, in practice the variation due to the degree of
repeatability is usually small compared to the variation due to the degree of reproducibility.
Moreover, to obtain robust estimates of these two components a quite comprehensive
experimental design is needed, which is not feasible to set up for each kind of measurement
situation. Therefore, it is common to let D + E in expressions (1) and (2) be represented by one
component only, that accounts for the variation due to both the degree of reproducibility and the
degree of repeatability. In literature on measurement uncertainty this is often referred to as
variation due to the degree of reproducibility within laboratory. Here this component will be
denoted R,, (where the subscript “w” stands for “within laboratory”) and the simplified model is
expressed as

X=m+B+R, 3)

and the measurement error can be written
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Q=X-m=B+ R, (4)

If the bias term B would be considered as constant then the variance of the measurement X
(and of the measurement error Q) would be the variance of R,,, which can be denoted a}%w.
However, treating the bias as a random component the correct expressions for the variance of
the measurement and the measurement error are

o2 =05+ aﬁw (5)
and

0§ = 05 + 0%, (6)

respectively (provided we can assume that the components B and R, are independent).
A graphical illustration of expressions (3)-(5) is shown in Figure Al.1.

ORw
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Figure Al- 1: The measurement X varies primarily due to the degree of reproducibility illustrated with the blue curve
(probability distribution) and with the standard deviation g, , but may also have a bias with average b and standard
deviation gy (illustrated with the red curve). The measurand m deviates from the average of X (when bias is
present). Note that m can also be to the left of the average of X.

Al.4 UNCERTAINTY AND EXPANDED UNCERTAINTY

In literature on measurement uncertainty the standard uncertainty is usually defined as the
square root of the so-called combined uncertainty, where the latter is a sum of the estimated
variances from the different variables contributing to the variation of the measurement X plus a
squared contribution from the bias. With the simplified model in expression (3) above the
standard uncertainty, u, could be written

u= /uﬁ + 55, (7)

where si would be a (standard) estimate of o obtained within the laboratory and uj
represents the bias contribution.

Al.4.1 Expanded uncertainty
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The expanded uncertainty is defined as the standard uncertainty multiplied with a so-called
coverage factor to account for a pre-specified range of possible values that the measurement X
can take. To understand this better, we give a short account for how the standard deviation of a
random variable relates to the range of possible values for that variable.

For any random variable X with average u and standard deviation ¢ the following holds:

The interval u £+ 1.5 - ¢ comprises at least 55 % of all possible values of X
The interval u + 2 - 0 comprises at least 75% of all possible values of X
The interval 4 + 3 - 0 comprises at least 88% of all possible values of X
The interval u £+ 4 - 0 comprises at least 93% of all possible values of X

A mathematical result called Chebyshev’s inequality states that 4 + k - ¢ comprises at least 100 -
(1 —1/k*)% of all possible values of X for k > 1. k is referred to as the coverage factor.

However, if X is normally distributed the intervals become narrower:

u* o comprises about 68% of all possible values
u * 2 - o comprises about 95% of all possible values (8)
u + 3 -0 comprises about 99.87 % of all possible values

This can be used to motivate that for a single measurement X that is assumed to be normally
distributed with standard deviation o, the interval X + 2 - o covers the average u of X with 95%
confidence, a so-called 95% confidence interval.

Nevertheless, the theoretical standard deviation of X is rarely known (if ever), and so it must be
estimated from available data. Using the simplified model in expression (3) above and assuming
there is no bias, the standard deviation of X is estimated by sz in expression (7). If that estimate
is based on sufficiently many measurements (say at least 50) typically from a control chart the
coverage factor 2 would give approximately 95% confidence, i.e. X + 2-sg  is an approximate

95% confidence interval for the measurand m. However, it is very important to remember that if
the number of measurements used for this estimation is much fewer than 50, the confidence will
be much lower. See also section 6.

In this confidence interval it is assumed that X is a single measurement. However, when it is the
average of n measurements (where n may often be equal to 2 or 3), we must divide sp =~ with Vn
(cf. section 2).

When bias is present the situation is more complicated. Using expression (5) above we could

2 2
estimate the standard deviation of X with /s§+s§w (or /%B+SRTW if an average of n

measurements is used) , where sz would be an estimate of the standard deviation of the bias B,
also based on sufficiently many measurements. But it is very difficult to obtain such an estimate.

Moreover, the interval X + 2 - /sﬁ + sz would be a 95% confidence interval for m + b, and we
still would not know the value of b.

We present here two alternative ways of including the contribution from bias into the expanded
uncertainty. The first is to estimate b and gz together and include this estimate into the
expression for the standard uncertainty, and then compute the expanded uncertainty. This

means that the coverage factor would correspond to a higher confidence than what is given by
the intervals (8) above. The second is to estimate b and add its absolute value to the expanded
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uncertainty deduced with the assumption of no bias. This means that the total expanded
uncertainty will cover a larger range of values than is set by the coverage factor.

Al.4.2 Joint estimation of the bias contribution

To estimate the bias contribution, we need a set of measurements where the measurand is
known. This can be done in several ways.

Al.4.2.1Within-laboratory estimation

One way is to make repeated measurements within the laboratory on a material for which the
measurand is known. This could be a certified reference material (CRM) provided by an institute
of standards or unit conducting proficiency tests. Denote the value of this measurand mcpy.
Now, assume we have made p measurements on this material and denote these measurements
X1, Xz, ..., Xp. FOr the differences between the measurements and the measurand, i.e. d; = x; —
Merm, d2 = X2 — Megmy - » dp = Xp — Mcry it iS cOmmon to compute the so-called mean square
deviation (MSD), i.e.

14 14
1 1
MSDy == > d? =~ > (x; — mcw)? ©
p i=1 p i=1

(where the subscript “w” refers to within-laboratory estimation, see subsection Al.4.2.2.). In the
literature, it is also common to refer to the root mean square deviation (RMS), which is simply

the square root of MSD, i.e. RMS = VMSD.

Applying the simplified model (3), i.e. X = mcgm + B + R,,, With B = b + § where § has average
zero and variance o7, it can be shown — assuming B and R,, are independent random variables
that MSD,, is on the average equal to a§ + b? = o5 + o, + b? (taking into account the random

fashion of the measurements)*©.

Hence, using the square root of MSD,, as standard uncertainty would on the average include
the expected bias. Nevertheless, since the number of measurements, p, usually cannot be that
high, it is not possible to use the standard coverage factors (from (7)) to calculate the expanded
uncertainty.

However, when a certified reference material is delivered to the laboratory, it usually comes with
the material provider’'s assessment of uncertainty, i.e. mcry is obtained using a high-accuracy
measurement method, but some dispersion cannot be avoided. It can be assumed that this
measurement method is free from bias, but there is a small standard deviation, ocgy that should
not be ignored. This standard deviation is delivered by the material provider either on absolute
or relative form (see further section Al.5), and is used in the estimation of measurement
uncertainty as a known quantity, i.e. should not be estimated by the laboratory.

Some literature (see e.g. [9]) suggests using as standard uncertainty!

1 with E(-) denoting the expected value (average), E [izﬁ’;l(xi - mCRM)Z] =
E I:%Zf=1(Xi — (megy + b) — b)z] =E E i ((Xi — (megm + b))z +b%—2(X; — (mcpm + b))b)] = %[Z?:I E [(Xi — (Mmegu + b))z] +
pb? —2b-0| = Var(X,) + b? = o} + b® = of + 0, + b?

1 The notation used here is different from the one used in other literature, but the components have their counterparts.
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Uy = \/ MSD,, + &y + Sk, (10)

and for 95% confidence compute the expanded uncertainty as

U, =2" JMSDW + 0% + 5B, (11)

While this would give a confidence greater than 95% (provided s}%W is based on sufficiently many
observations), it should be noted that the contribution from the term R,, in the simplified model
is double counted, why the expanded (and standard) uncertainty may be too large compared to
the quality standard used at the laboratory. When an average of n measurements is used the
corresponding expressions for the standard uncertainty and expanded uncertainty are u,, =

n

2 S 2 S ;
MSD,, + oépy +—* and Uy, = 2 |MSD,, + gy + — * respectively.

Example 1

Supp(?se a method of measuring refractive index of glass at a laboratory has over a longer time shown a
standard deviation of 0.00025 for the variation due to reproducibility within laboratory, i.e. sg = 0.00025. A
reference glass with a certified refractive index of 1.52000 (mcgpm, With reported standard deviation 0.0000002
is measured p =10 times with the following result:

1.51996 1.52009 1.52006 1.52049 1.52008

1.52008 1.51967 1.52008 1.51981 1.52001

1
MSDy, = 0 [(1.51996 — 1.52000)2 + (1.52009 — 1.52000)? + -+ + (1.52001 — 1.52000)?] ~ 4.18 - 1078

The expanded uncertainty with coverage 95% then becomes

Uy, =2- \/4.18 -10~8 + 0.00000022 + 0.000252 ~ 0.0065

Al.4.2.2Using proficiency tests

Another way is to use results from proficiency tests in which the laboratory together with other
laboratories has participated. In these test samples from a certified reference material are sent
out to the participating laboratories, however, not necessary with detailed information about its
certified value. Assume the laboratory has taken part in p such tests for the measurand of
interest.

Intesti (i = 1,2, ...,p) assume there are n; other laboratories participating and that we therefore
have n; reported measurement results (y;;, yiz, ---, ¥in;,) from these. For the current laboratory
the reported result is denoted x;. Now, with d; = x; — y;, where y; is the sample average of the
n; reported results from the other laboratories!?, the counterpart of MSD, in expression (9) would
be

p p
1 1
MSD == d? == (= 7 (12)
p i=1 p 1

i=

s 1 g
.Vi__i Zj:lyij

n
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With some algebra it can be shown that MSD is on the average equal to 2 + b? + A, where A
denotes an average of the average squared distances between the measurand value m; and y;
over the p proficiency tests?3,

Following the arguments in subsection Al.4.2.1 the standard uncertainty could be taken as

u= /MSD +s3 (13)
U=k- /MSD +s3 (14)

with k being the coverage factor used, keeping in mind that this again is an overestimation of
the uncertainty. Note that here we have no counterpart to acgy. It iS common practice to neither
provide mcry NOr acgm tO prevent laboratories from tuning their results to conform as well as
possible to the expected. In some literature (e.g. [9]) methods for appreciating this contribution
to the dispersion is provided, though. When an average of n measurements is used the
corresponding expressions for the standard uncertainty and expanded uncertainty are

Sk s .
u= [MSD +—* and U =2-_[MSD + o respectively.

and the expanded uncertainty as

18 With the model X; = m; + B + R,, and with E (-) denoting the expected value (average),
E I:%Zf=1(Xi - }71')2] =E EZ?:KXL' -m;+m; — Yi)z]
= E[ZE2, [0 = m)? + (mg = T)? + 20X = m) (my = B = B (GZ2,( — mp)?)

+E (%Zle(mi 7))+ ,Z,ZL E(X;—m)E(m; —Y)) ~ o} + b*+E (iZﬁll(mi —¥)?) , assuming E(m; — ¥;) ~ 0, since the variance of
X; does not depend on i and X; and ¥; are independent and using the deduction in footnote 9.
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Example 2
Return to Example 1 with refractive indices. Suppose the laboratory has taken part in 10 proficiency tests and
that their reported results are the values given in Example 1, i.e.

1.51996 1.52009 1.52006 1.52049 1.52008 1.52008 1.51967 1.52008 1.51981 1.52001
Now, the reported results from the other laboratories are summarised as

Proficiency test (i) | No. participating labs (n;) | Average of reported results (¥;)
1 10 1.52004
2 8 1.51992
3 11 1.52001
4 7 1.52003
5 9 1.51997
6 10 1.52010
7 9 1.52002
8 8 1.51986
9 10 1.51999
10 8 1.52000

1
MSD = 0 [(1.51996 — 1.52004)? + (1.52009 — 1.51992)2 + --- + (1.52001 — 1.52000)?] ~ 4.65- 1078
The expanded uncertainty with coverage 95% then becomes U = 2 - V4.65 - 1078 + 0.000252 ~ 0.00066

Al.4.3 Separating the bias contribution from the expanded uncertainty

MSD and MSD,, as defined in the previous sections account for both the average bias and the
dispersion in bias as parameters in the model.

We use the same notation for the number of measurements/proficiency tests and the (reported)
measurements as in the previous subsections.

Whether we use measurements within the laboratory (as in Al.4.2.1) or reported results from
proficiency tests (as in Al.4.2.2), we obtain a set of differences between the measurement from
the current laboratory and a reference value for the measurand. Instead of computing the mean
square of these differences we can compute their mean absolute value, MAD (mean absolute
deviation):

p 4
1 1
MAD,, =~ > [doi = - ) [xoi = mcau (152)
b & b &
i=1 =1
p 4
1 1 ~
MAD ==Y |di == [ = 3l (150)
p i=1 p i=1

where the subscript “w” stands for that the MAD is computed from within-laboratory
measurements only (cf. subsection Al. 4.2.1).

MAD,, and MAD both serve as predictions of the absolute bias, |B| and can be denoted [B].
Now, the expanded uncertainty based on variance components only is for the simplified model
B3) U, =k- /s,%w with k being the coverage factor used. For within-laboratory estimation we

would add the variance component due to the dispersion reported by the material provider, i.e.
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ocrm, QiVing Uy, = k - ’JCZRM + s,%w. The total uncertainty (referred to as total allowable error in
[22]) can then be computed as

Urw = [Bl+ Uy = [Bl + k- |0k + 3, (16a)
Ur=[B|+U,=[Bl+k- /sgw (16b)

Example 3
Return to Example 1 and 2.

Using the laboratory’s internal measurements and the certified value mcgy with dispersion ocry, We compute

1
MAD,, = I

and the total 95% uncertainty is

[1.51996 — 1.52000| + [1.52009 — 1.52000] + --- 4+ [1.52001 — 1.52000|] ~ 0.000145

Urw = 0.000145 + 2 1/0.00000022 + 0.000252 ~ 0.00065

Using results from proficiency tests, we compute

1
MAD = 1—0[|1.51996 —1.52004| + [1.52009 — 1.51992| + --- + [1.52001 — 1.52000]|] = 0.000165
and the total 95% uncertainty is then

Uy = 0.000165 + 2 -+/0.000252 ~ 0.00067

Al.4.4 Expressions for general models

Throughout this section we have used the simplified model (3) when deducing expressions.
However, with more complicated models where the contributing components are more than B
and R, the expressions are of course expanded. Generally, the expanded uncertainty
incorporating the bias contribution can be written

U=k- /MSD +uZy, (17)

where u., stands for the combined uncertainty from all components for which stable estimates
of their variances are available (for within-laboratory estimation the component 62,, is included)
and where MSD is obtained either from within-laboratory measurements or from results from
proficiency tests.

For instance, with the model X = m+ B + S + D + E, where S refers to the variation due to drift
((in)stability), D refers to the variation due to the degree of reproducibility and E refers to the
variation due to the degree of repeatability, and where the four random components (B, S, D and
E) are assumed independent, the expression for the expanded uncertainty would be U =k -

\/MSD + (0Zry) + U2 +ud + ud.

Similarly, to obtain the total uncertainty the general expression can be written

Ur =Bl +k- /ugv (18)

Page 77 of 100 GDL QCC-GDL-001 001 15.04.2024



APPROVED BY ENFSI BOARD ON 15.02.2024

AlL5 RELATIVE VARIATION

Al.5.1 Theoretical aspects

It is the rule rather than the exception that the variation of chemical and physical measurements
depends on the numerical magnitude of the measurand, since the measurement equipment
cannot be assumed to provide a constant precision over the (sometimes very wide) range of
potential values of the measurands. Therefore, it is common to use and estimate relative
standard deviations rather than their absolute counterparts. For a random variable (cf. section
Al.2) with average p and standard deviation g, its relative standard deviation is defined as

o
%o =100 (19)

The ratio a/u is known as the coefficient of variation, CV. Hence, if the coefficient of variation is
assumed known for a random variable with average u, then the absolute standard deviation of
this random variable can be calculated as ¢ = u-CV = u-%a/100. This implies that with a
known CV the absolute standard deviation can be estimated from a sample average, X, as ¢ =
x-CV.

However, for the sum of two random variables, e.g. in the simplified model (3) the sum B + R,,,,
the coefficient of variation is not — like for variances — the square root of sum of the squared

coefficients of variation for the components of the sum, i.e. CVg,p , # /CVB2 +CV§, .

An alternative way to express the relative variation is to relate all standard deviations to the
target value of the variable of interest. To exemplify, let X be a random variable the average
value of which is supposed to be m (but there may be systematic deviation present), and X can
be written as the sum of two independent variables, X, and X3, i.e. X = X, + X. Then, letting
W = X/m, the following relation is obtained:

Xy Xp

W=="+— (20)
m m
The variance of W is then
2 2 2
Oy Ox Ox
2 A B 2
ow = —5 +— butalso oy = —; (21)

Here, we can interpret agy/m as the relative standard deviation (relative to the target value),
which can be expressed in percent if multiplicated by 100, and we note that its square is equal
to the sum of the squared counterparts for X, and Xj.

AlL5.2 Application to measurement uncertainty

The expressions presented in section Al.4 for estimating the expanded uncertainty account for
absolute uncertainty but can be modified to account for relative uncertainty.
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Al.5.2.1Using within-laboratory measurements

When within-laboratory measurements are used to estimate the bias contribution, the value of
the measurand is assumed known (mcgrym). The counterpart of MSD,, (expression (9)) for
estimating relative bias contribution is then the mean square relative deviation

2

1 2 1 > -m 2 1 2
S - ) y CES.20 S T S
' P &~ \Mepy p Mmcerm p mCRM

i=1 i=1

(subscript “r” refers to relative). However, note that MSD,, . can be rewritten as

1 1
MSDy,, = . Z(xi — mcpm)? = - MSD,,

CRM

Moreover, the standard deviation of the variation due to the degree of reproducibility within
laboratory (R,,) relative to mcgy is simply og, /mcrm, SO the expression for expanded relative
uncertainty with joint estimation of the bias contribution is

Uw,r =

mCRM mCRM

The counterpart of MAD,, (expression (15a)) is the mean absolute relative deviation

1 2 1 4 1 4
X McrM
MAD =—-E E|‘ ——-E
YTop P McRM p
i=1 i=1 i=1

But analogously to the case for MSD,, ., MAD,, . can be rewritten as

- 1| (24)

McrM McrM

1
-MAD,, = ——-MAD
|mcgruml v McrM v

1 1
MAD,,=—— —- E |x; — merm| =
YT Imepul P pr ' R

since mcry IS assumed to be > 0.

Hence, the relative bias can be predicted as B, = MAD,,/mcry and the expression for total
relative uncertainty is

MAD,  k - - 1 - - 1
UT,W,T‘ = Merm + _mCRM " GCRM + SRW = Merm ) (MADW + k . O-CRM + SRW) = Merm ) UT,W (25)

When an average of n measurements is used, s,%w is replaced by s}%w/n.
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Example 4
Return to Example 1 and 3.

Using internal measurements at the laboratory and the certified value mcgy, the expanded relative uncertainty
and the total relative uncertainty become
1
Urw = 152000
1
Urwr = 152000

-0.00065 = 0.00042 (= 4.2%)

1
U,, = (See Example 1) = 152000

-0.00065 ~ 0.00042 (= 4.2%)

1
Uryw = (See Example 3) = 152000

However, if the laboratory is always reporting relative uncertainties, it may be the case that séw
is not explicitly known, but the laboratory has a stable estimate of its relative standard deviation
for reproducibility, i.e. %og, and the corresponding coefficient of variation is then CVg =
%og,/100. Moreover, the uncertainty of mcgy may also be provided as a relative standard
deviation %oz Which the corresponding coefficient of variation CVegy = %0cryn/100. Then
instead of dividing everywhere with m¢g,, as is done in expressions (23) and (25) above, we
simply obtain expressions for the expanded and total relative uncertainties as

Upr=k- J MSD,, , + CV&y + CVRZW (26)

and

Urwr =MAD,, , + k - /CVCZRM + CVRZW (27)

Note that a prerequisite for expressions (26) and (27) to be valid is that the coefficients of
variation used are based on longitudinal monitoring of the variation, so that we can assume that
CVerm *Mcrm = ocrm @nd CVg - mcrm = og,, (cf. the theoretical points about coefficients of

variation in Section 5.1).

Example 5

Againf)return to Example 1 and 3. By dividing by the certified value mggy = 1.52000, we obtain MSD,,, =
4.18-1078/1.52000 and MAD,,, = 0.000145/1.52000. Now, assume that the relative standard deviation %oy,
is appreciated to be 0.016% and that the relative standard deviation %acgy IS given to be 0.000014%. Then,
expanded relative uncertainty with coverage 95% is

0.000014)2 (0.016

2
~ 0. =0. 0,
100 100) 0.00046 (= 0.046%)

Uy =2 \/4.18 -10-8/1.52000 + (

and the total relative uncertainty is

0.000014)2 (0.016

2
=~ (. =0. Y
100 100) 0.00042 (= 0.042%)

Urwr =0.000145/1.52000 + 2 - \j(

When an average of n measurements is used, CV,%W is replaced by CVRZW/n.
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Al.5.2.2Using proficiency tests

The situation is more complicated when results from proficiency tests are used. The counterpart
of MSD (expression (12)) would be

2 p

wn LY LY LY e

i=1 i=1

and the counterpart of MAD (expression 15(b)) would be

p p
1 X; — Yi 1 X;

D, ZI > 25l 2 @)
p &l Vi b &l

Since the divisors of the terms in the sum in expressions (28) and (29) vary with the proficiency
tests, a straightforward deduction of expressions for the expanded uncertainty like the ones of
expressions (23) and (25) is not possible. A workaround solution is provided in section 5.2.3,
but here we instead assume that relative standard deviation %oy, (and coefficient of variation
CVg,, = %og,/100) are used for the contribution from reproducibility within laboratory. The
expression for the expanded relative uncertainty with joint estimation of the bias contribution

then becomes
U, =k- /MSDr +CVE (30)

and the expression for the total relative uncertainty becomes
Ury = MAD, + k- CVg,, (31)
Note that analogously to the expressions in section 4.2.2 we have not included a component

reflecting variation in the certified values. We again refer to literature (e.g. [1]) for methods
appreciating this contribution to the dispersion.

Example 6
Return to Example 2 (and 1). Using the data from the proficiency tests we can calculate
MSD, 1 (1.51996 - 1.52004)2 (1.52009 - 1.51992>2 (1.52001 - 1.52000>2 3.06-10-8
“10 1.52004 1.51992 1.52000 o
and
MAD. — 1 [|1.51996 - 1.52004‘ ‘1.52009 - 1.51992‘ ‘1.52001 - 1.52000H 0.000109
710 1.52004 1.51992 1.52000 -

Assume (as in Example 5) that the relative standard deviation %ay, is appreciated to be 0.016% and that the

relative standard deviation %oy, is given to be 0.000014%. Then, expanded relative uncertainty with coverage
95% is

0.016
U, =2- [3.06-10- 8+(100) ~ 0.00047 (= 0.047%)

and the total relative uncertainty is

0.016
Ur,r =0.000109+2- 100 ~ 0.00043 (= 0.043%)
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When an average of n measurements is used, CVﬁW is replaced by CVR?W/n.

Al.5.2.3 Alternatives to using coefficients of variation

Expression (28) cannot be rewritten the same way as with expression (22) since the divisor (y;)
varies with i. Moreover, the y;'s cannot be used to form an expression for the relative standard
deviation based on s .

With the assumption that y; is very close to the target value m;, a workaround for this problem

is to substitute the overall mean of the reported results from all proficiency tests for y;. The
overall (unweighted) mean is

(32)

However, if the n;'s are similar in value, 5 ~ (1/p)-X!_, ¥ (the weighted mean¥). With this

substitution MSD,. (expression (28)) is approximated as

MSD, ~ X i(xi_yif (1)2 ! i( y:)? (1)2 MSD (33)
~ —- — =|= f— X; — . =|= .
"p y 7 p 4T

i=1

It should be noted that if we now estimate the relative standard deviation of the variation due to
the degree of reproducibility by sg /¥y, we introduce a random component (y) that jeopardizes
further the use of the intervals of expression (8) for finding the coverage factor. We have earlier
stated that s , should be a stable estimate (based on 50 measurements or more). The division
by y will make s, /¥ less stable compared to sz  /mcrm. However, since the estimated standard

uncertainty will be an overestimation (cf. subsection 4.2), this is probably a negligible issue when
joint estimation of the bias contribution is used.

An expression for the approximate relative expanded uncertainty using results from proficiency
tests are used can thus be

U (34)

1 1
MADrz—-E-lei—yJ: J;/-MAD (35)

since we can assume that y > 0. Analogously to the deduction of expression (34), the total
relative uncertainty could be estimated as

1 1
U. z;-(MAD+k- /sz)=;-u 36
T,r y Ry y T ( )

141t may look strange that (1/p) - X}_, ¥; is referred to as a weighted mean when no weights are visible, but the
point is that if the n;'s are different then y;’s based on fewer results (than the average of the n;’s) are upweighted in
(1/p) - X¥_, y; while y;'s based on more results are downweighted.
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However, since y introduce further uncertainty into this expression (compared to expression
(28)), the coverage factor may not give what is stated in the intervals (8). A remedy here could
be to replace y by the minimum of the y;s, which would increase Uy, to a level more reliable.

When an average of n measurements is used, s}%w is replaced by sﬁw/n.

Example 7

Return to Example 2 and 3. From the results from the proficiency tests we can see that the number of
participating laboratories between the tests vary. In the number of laboratories, the variation is not that big, but
since the numbers are quite small (10 or lower), the relative variation between them must be considered
substantial. Hence, we should use the overall mean in the calculations.

Oon;-y  10-1.52004 + 8-1.51992 + --- + 8- 1.52000

y= e 078738 ~ 1.519997
With this mean we calculate
U, = ; U = (See Example 2) = ; -0.00066 ~ 0.00043 = 0.043%
1.519997 1.519997
and
Ur, = 1511W Uy = (See Example 3) = m 0.00067 ~ 0.00044 = 0.044%

A more conservative estimate of Ur,is obtained by replacing y by min{y, y,, ..., ¥10} = 1.51986, which gives

Ur, -0.00067 ~ 0.00044 = 0.044%

151986

(but obviously this makes no significant difference here — they start differing in the 7th decimal).

Al.5.3 Expressions for general models

Like in subsections Al.4.2 and Al.4.3, the expressions in the previous section are developed
assuming the simplified model (3),i.e. X =m + B + R,,,.

For more complicated models comprising several variance components in the combined
uncertainty, the general expressions corresponding to expressions (23), (25), (30) and (31)

would be
k 2
Upr = — MSD,, +u2, (37a)
1 2
Urwr = —— -| MAD,, + k - ugy (37b)
U, =k- /MSDr +u?, (37¢)
Ur, =MAD, + k- /ugv (37d)

where u,, stands for the combined uncertainty from all components for which stable estimates
of their variances are available (cf. subsection Al.4.4).
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Al.6 A NOTE ON INTERVALS AND THE CHOICE OF COVERAGE
FACTOR

In section Al.4.1 we stated that the interval X + 2 - o, where o is the true standard deviation of
X, is a 95% confidence interval for the average, u, of X. The interpretation of such an interval is
that it will cover u with a confidence of 95%. Theoretically, if we would repeat calculating such
an interval procedure for each measurement we take, 95% of the intervals will cover p.

In practice, the standard deviation ¢ is not known. For a single study comprising a limited sample
of n repeated measurements (x,xy,..,Xx,), We would use their sample average X =
(1/n) ¥ x; as the reported result. The sample average seen as randomly varying from sample
to sample has the nice property that its standard deviation is o/+/n (hence, the more
measurements it is built on, the more stable it will be). The corresponding 95% confidence
interval would then be X(,,) + 2 - a/v/n, but o is of course still generally unknown. Since we have
several measurements, a natural consideration would be to replace ¢ by the sample standard

deviation s = \/ﬁ - Y%(x; — %)~ in the expression for the confidence interval. However, since

this would introduce more variation (both X,y and s would vary from sample to sample), the
standard coverage factors (2 above) do not apply.

The solution to this problem is to use the so-called (Student’s) t-distribution!® with which the
coverage factor to be used will depend on n. It shall be said, though, that for relatively small
values of n the coverage factors are substantially higher than the ones used when ¢ is known.
However, the t-distribution only applies to measurements that are normally distributed.
Moreover, when the standard deviation (or rather the variance ¢2) is decomposed into several
contributing components (that is typical for appreciating source of measurement error), the t-
distribution does not apply'®. Several approximations have been suggested over the years,
where the approximation lies in finding a t-distribution that is close the underlying distribution
that would apply but is not deductible!’. However, for this to work the variance components must
have estimates that from a random point of view vary according to so-called central y?2-
distributions (“chi-square”).

For a standard uncertainty of the kind that we have taken up in the previous sections, e.g. one
that can be written u = fMSD +uZy, that last requirement is not fulfilled since MSD does not

possess such a distribution. Moreover, if one or several components of uZ,, are estimated using
coefficients of variation (see subsection Al.5.1) these distributions do not apply either.

We strongly advise that substitutions for unknown variance components should be stable
estimates based on larger sets of previous measurements. They do then serve as negligibly
varying substitutes and the coverage factors valid for the theoretical confidence interval can be
applied with good approximation.

When working with models using relative standard deviations it is not advised to work with t-
distributions with so-called 'effective degrees of freedom'. Besides the fact that the model of
sums of chi-square type distributions is not met if MSD is included in the sum under the square
root, the fact that relative measurements are random in both numerator and denominator makes
the model of Satterthwaite, which is already complicated, basically unapplicable.

5 This distribution was deduced by the Irish statistician W. Gosset in the early 1900s (but he published his results using the pseudonym
“Student™) Biometrika 6: 1:25

16 In the statistical literature this is referred to as Behren-Fisher’s problem.

7 Using Satterthwaite’s approach to finding the so-called degrees of freedom for the sum of the estimated variance components. Biometrics
2(6):110-114
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ANNEX Il.  STATISTICAL SPECIFICATION OF MUCALC VERSION 3.1

All.1 INTRODUCTION

The International Vocabulary of Metrology [4] defines uncertainty as “a non-negative parameter
characterizing the dispersion of the quantity values being attributed to a measurand, based on
the information used”. The quantification of the uncertainty of a measurand gives a range of
values that contain the true value.

Any analytical measurement has uncertainty associated with it. A forensic toxicologist reports
the concentration of an analyte, e.g., THC, in ug/L together with its uncertainty accumulated
through the process of producing the measurement [23, 24]. The concentration measurement
together with its uncertainty is considered when comparing it to a legal limit in court to determine
the severity of an offence.

The core statistical method for measure uncertainty (MU) described in this document has been
published in [19]. The sources of uncertainty that affect MU of concentration of an analyte are:
(1) homogeneity, (2) calibration curve, (3) method precision, (4) calibration standards, and (5)
sample preparation. The calculation of the MU for these sources are described in dedicated
sections. The aggregation of the MU and its applicate to calculate a confidence interval of the
true concentration is given in the next section.

Sources of uncertainty
Homogeneity
Calibration curve
Method precision
Calibration standards
Sample preparation

GO WNPRP|~

Table All-1: Indices for the sources of uncertainty

All.2 HOMOGENEITY

Homogeneity/heterogeneity, as defined in EURACHEM/CITAC guide [25] and IUPAC
recommendations 1990 [26], is:

"The degree to which a property or constituent is uniformly distributed throughout a quantity of
material. Note:

e A material may be homogeneous with respect to one analyte or property but
heterogeneous with respect to another.
e The degree of heterogeneity (the opposite of homogeneity) is the determining factor of
sampling error."
The property/constituent measured here is the concentration of analyte.

In this section in addition to the specification of the RSU of Homogeneity, u,(1), a test for
homogeneity is described because is one of the features of MUCalc.
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All.2.1 Homogeneity test

A one-way analysis of variance (ANOVA) is used to test the null hypotheses, H,, of equality of
means among sample groups against the alternative hypothesis, H,, that at least two of the
group means differ, on the assumption that samples are normally distributed, have equal
variance and are independent [27-30].

The data consists of measurements N = n; + n, + --- + n; measurements {Xl-,j: i=12,..,n5j=
1,2, k} of k groups with means m,, m,, ...m;. The hypotheses of interest are

Ho:ml =my = =My
Hy:m; #m; for somei,j

The test is based on a statistic F; and a critical value F_, both described below. H, is rejected if
F; > F,. If F; < F., we fall to reject the null hypothesis, which means that there is no evidence
that the means differ. There should be at least two groups to compare with at least two replicates
in each group.

The statistic F; is defined as

_ MSSg
ST MSSy’
where,
koo (xi—x)? kK 5™ (x. _x)2
MSSy = W and MSSy, = Z]=1217Vl£);ll X;) . 1)

X; is the mean of measurement in group j

Xr is the grand mean of all measurements

kT
Xr = zzxij (2)
=i

Under H,, F; follows and F distribution with degrees of freedomv,, =k —1andvg = N — k. The
critical value F, is such that Pr (X < F.) = 1 — a, where X follows an F distribution with degrees
of freedom vy and vy,. F; is obtained from the inverse of the CDF of an F-Distribution, available
in most statistical packages.

Page 87 of 100 GDL QCC-GDL-001 001 15.04.2024



APPROVED BY ENFSI BOARD ON 15.02.2024

All.2.2 Homogeneity uncertainty

Homogeneity uncertainty quantifies the uncertainty associated with the between-group
homogeneity where differences among sample groups are of interest [27-31]. Homogeneity
uncertainty is measured with the RSU for [ = 1,

1
w(@) =2

X7 is the grand mean, Eqn. (2),

u(1) = max{ug (1), up (D},

Where

MSSg — MSSy,
ua(l) = \/ nO )

And

o [MSSy 2
up(1) = ng % k(ng—1)

MSSy, and MSSg are defined in Eqn. (1), while ng is

1 k= n.z
n0= [N_ =1 ]].

All.3 CALIBRATION CURVE

A calibration curve in this context is a graph that describes the relationship between instrument
response/peak area ratio, Y, and concentration, X. Uncertainty of calibration curve arises when
a regression is used to generate a calibration model, the calibration curve is used in reverse
form where concentration X is predicted from the instrument response Y. This prediction has an
associated uncertainty termed uncertainty of calibration curve and it is expressed as a
confidence interval that can be calculated using the RSU u,.(2).

MUCalc provides three types of calibration curves: linear regression, weighted linear regression
and quadratic linear regression.

All.3.1 Linear regression

Linear regression is the most commonly used statistical method in calibration [32]. It is used
when the relationship between peak area ratio and concentration is linear and satisfies the
assumptions of a regression model: homoscedasticity and normality.

A linear regression is of the form
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y=by+bx+e, €e~N(0,0%).

where x, y are the explanatory and response variables. The data for estimating the parameters
are a set of concentrations of the standard, {x;:i = 1,2, ...,n} and their associated peak area
ratios {y;: i = 1,2, ..., n}. The specification of u,.(2) requires the following quantities:

i the average concentration x = %Z?:ﬂfi;

ii. the set of predicted peak height ratio {y;:i = 1,2, ...,n};
ii. the estimated slope b;;

iv. the standard error of regression

;, _Jz:-zl(yi— )2
y/x = ;

n—2

V. the sum of squares deviation

n

Syx = Z(xi - 0

A

The RSU of calibration curve, u,.( x;), for a given case sample mean concentration, x, is

ur(xs) = u(xxS)'

where u( x;) is the standard uncertainty of the calibration curve [33],

Sy/x 1 1 (xs— f)z
Hixs) = b—ljﬁ s,

and r; is the number of replicates made on the test sample to determine x.

All.3.2 Weighted linear regression

Weighted linear regression (WLR) is used if the standard deviation of peak area ratio correlates
with the magnitude of the concentration. The specification of RSU of calibration curve u,(2)
requires the following quantities either in addition to or that differ from a linear regression:

i. a set of weights {W;:i = 1,2, ..., n};
ii. a set of standardised weights {w;:i = 1,2, ..., n} where

n
Wi=Wix—n W;
i=1 i

iii. the standard error

n—2

¢ - \]Z?ﬂwi()ﬁ - %)*
Wy/x ’
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iv. the sum of squares deviation

n
Sxxw = Z w; (x; — f)z-

The RSU u,.(2) for a mean concentration x, is

u(2)

ur(z) = x

Where [35,36]

S 1 1 (xg— x,)2
u(Z):M\/__{_ +M.

b; |wers n Sxx,,

Xy is the weighted mean value of concentrations given by

1
Xw = ;Z(i=1)6n WiXi,

and w; is the standardised weight of x;.

All.3.3 Quadratic regression

Quadratic regression is used when the peak height ration follows a quadratic polynomial as a
function of concentration. Using the approach described by [33], a quadratic regression can be
written as

y—5 =by(x— %) +b,(x2 —x2) +¢, €e~N(0,02),

to make the regression curve to start from the origin (b, = 0).

Given an instrument response of case sample peak arearatio, ys, the level of concentration x; is
estimated by solving for x as while treating ¥ and x? as constants,

—bl\[bf = 4by(F = Y= biX = bpx?) 3)

s = 2b,

The standard uncertainty of calibration curve, u(2)? is the same as Var (%) and is obtained by
applying Taylor's theorem

dx\ dxg\° dxg\° dxg\’ dxg\ (d%
2 — S S s — s s s N
u(2) (dbl) Var(by) + <_db2> Var(b,) + (—d}_)) Var(y) + (dys> Var(ys) + Z(db1>(db2>cov(b1'b2‘

The partial derivatives are obtained by differentiating Eqgn. (3) with respective to b4, b,, ¥ and
Ys:
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dzg, 1+ 1/, D=1/2(2b, + 4b,x)

db, b,
dzs by —DY2 1/, D ~Y2(4y; — 43 + 4b, % + 8b,x?)
db,  2b? 2b, '
di_s =-D1/2,
dy
s _ i
dys

D is the discriminant of x,
D = b} — 4by(y — ys — by X — byx?).

Var(b,), Var(b,) and Cov(by,b,) can be obtained from the covariance matrix described in
section All.9.

The variance of y and y, are

Sz Sz
Var(y) = yT/x and Var(ys) = i/x

S

where

n—3

;, _Jz;;l(yi— 57
y/x = .

All.3.4 Pooled standard error of regression

If quality control data is available that considers different laboratory conditions over different
days, the standard error of regression of these calibration curves can be pooled together to
obtain a better estimate. The pooled estimate can be calculated when the same type of
regression model is used in all the calibration curves.

The pooled standard error of regression for m calibration curves each with n; data points and
standard error of regression Sy/x(j) Jj=12,..,m,is

S, = .

;‘n=1(nj -1

Sp replaces S,/ in the calculation of the standard uncertainty of calibration, u(2).
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All.4 METHOD PRECISION

Method precision measures the variability in the results of a repeated experiment under similar
conditions. Given the repeated analysis of a given sample, the variability associated with a
method can be quantified.

The uncertainty of method precision, u(3), for a case sample with mean concentration x; is
obtained from a set of method precision uncertainties {u(3, NV): NV = 1,2, ..., nyy } calculated for
a set of concentration nominal values. Specifically, the standard uncertainty for method precision
is set to u(3) = u(3, NV*) where NV* is the closest value to x:

NV* = argrm/n{lNV —xg|: NV =12, ..., nyp}.

The data for calculating u(3, NV*) consist of concentrations measurements obtained from n,.,,,s
and n; measurement in each run. Specifically,

{xNV*,l',]':i = 1I2I "';nruns;j = 1,2, ...,TS}

The standard deviation for each run, Syy ;. The spooled standard deviation is then calculated

o[BSk x G = D)
Py GRSV

The standard uncertainty of method precision is then calculated as [34],

Sp,NV*

o

u(3) =u(3,NV*) =

The RSU of method precision is then calculated as

where Xy« is the mean concentration of all samples for NV* across all runs,

Nruns Ts

XNy = XNV*i,j
i=1 j=1

All.5 CALIBRATION STANDARD

The uncertainty associated with calibration standard combines the uncertainty from the
reference materials and the solution preparation. The uncertainty from the reference materials
is stated in the certificates of analysis of certified reference materials (CRMs) while the
uncertainties in solution preparation comes from inaccuracies of the measuring equipment, e.g.
pipettes and volumetric flasks, used to dilute CRMs and spike blank samples when preparing
solutions for a calibration curve.

The quantification of the uncertainties in the preparation process requires information on the
steps involved in the solution preparation and details of the equipment used. These steps may
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be different from laboratory to laboratory. Table All-2 shows an example of the structure of
calibration standard preparation.

Volume No. of
. . Parent . Number of .
Solution Notation . Equipment . Tolerance | Times
Solution Equipment
Coverage Used
Eqssa,ivot
S'[OCk SO|U'[IOI’] A SSA RSS EqSSA,i NEq,SSA EqSSA,i,tol NEq,SSA,i
EqSSA,i,cov
H H EQWSB i,vol
Working Solution b
B 9 WSB SSA Eqwsg, NEq,WSB Eqwsg,i ol NEq,WSB,L'
EQWSB,i,cov
. . Eq :
Working Solution WSC,ivol
C g WSC SSA Eqwsc,i NEq,WSC Eqwscitol NEq,WSB,L'
EqWSC,i,cov
H EqCRl i,vol
Calibrator Range b
1 9 CR, WSC Eqcra,i Ngq,cr1 Eqcriitor Ngg.cri,i
EqCRl,i,cov
Calibrator Range Edcrz ivor
2 CR, WSB Eqcra,; Ngq.cr2 Eqcraitol Ngq,cr2,i
EqCRZ,i,cov

Table All-2: Solutions and their required information. In addition, the reference standard solution (RSS) purity
(RSS_purity), tolerance (RSS_tol) and coverage (RSS_cov) are also required.

For example, the preparation for stock solution A, denoted SSA, requires a set of equipment
consisting of Ng, 554 pipettes and flasks, denoted {EqSSA,i:i =12, ---'NEq,SSA}- There are other
quantities needed for each equipment and these are volume (Eqss4; vo1), COVerage (Eqssa i cov)
and the number of times that this equipment is used (Ng; ss4,)-

A tree diagram can be drawn from the input file to represent the dependence of solution
preparation where an arrow from solution 1 to solution 2 means that solution 2 is made from
solution 1. For example, in

Figure All-1, RSS is the parent solution of SSA which means that SSA is made from RSS.

RSS

Figure All-1: A diagrammatic representation of the preparation of solutions from other solutions based on the
input file.

The diagram in
Figure All-1 is used to describe the calculation of the RSU of calibration standards, u,.(4):

ur(4) = {u,(CR}I? + {1, (CR,)}?

Page 93 of 100 GDL QCC-GDL-001 001 15.04.2024



APPROVED BY ENFSI BOARD ON 15.02.2024

The calculation of u,-(CR;), i € {1,2}, is achieved by calculating first the RSU of the founder node
RSS and then the RSU of the solutions in following the arrows from RSS.

The RSU for RSS is calculated with

RSS:01
u(RSS) _ RSS.,,
RSSpurity RSSpurity.

u,(RSS) =

The RSU for the rest of the solutions is obtained iteratively based on the RSU of the parent
solution and on the RSU of all the equipment used:

NEq,Snlu[izm,i

w, (Solution) = |{uy (ParentSolution)}? + " [{ur(Basomusions)}” + Negsonion]
i=1

The RSU for equipment Eqgsopytion ; 1S Calculated with the formula,

ECISolution,i,tol
) _ Eqsowtion,i,cov

Uy (E cI.S‘olultion,i E .
CISolution,i,vol

Using the formula for the RSU of a solution applied to SSA,

Nggssa

U (SSA) = |{u, (RSS)}? + Z [(ur(Bassa i)}’ X Negssa] -

i=1

Then

Negwssp

u (WSB) = |{u,(SSA)}? + Z [t (Bauss)) X Nequsn,

i=1

and,

(WSO = | SSA2 + ) [{ur(Eaqwsce)}’ X Negusc]

i=1

\/ Ngqwsc

Finally,

Ngqwsc

u, (CR1) = j{ur(WSC)}“r D [ (Eace, ) % M.
i=1

and,
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Nggwsc,

wCRD) = [t WSBY2+ > [{ur(Bace,)}* X Negen]
i=1

All.6 SAMPLE PREPARATION

The RSU of sample preparation, u,.(5), combines uncertainty sources from the use of equipment
in preparing a sample, such as weighing balance, pipette, and volumetric flask.
The RSU of sample preparation is

NEq,sample,i

Uy (5) = Z [{ur (E QSample,i)}z X NEq,sample,i]'

i=1
where

Eqsampie,itol
Eqsampie,i,cov

Uy (EQSample,i) = .
Eqsample,icap

and Nggsampie: 1S the number of times that equipment Eqggmpie,; is Used in the preparation of a
given sample.

All.6.1 Combined Uncertainty

The combined uncertainty u, is obtained by combining all the individual uncertainty components
for which data is uploaded for.

If data is uploaded for all the uncertainty components; Homogeneity, Calibration Curve, Method
Precision, Calibration Standard and Sample Preparation, relative standard uncertainty is
computed for each uncertainty component using the methods described above in section All.1-
All.5, and are combined to obtain the overall uncertainty of the analytical process

For [ uncertainty sources/components with individual standard uncertainty u(l), the combined
uncertainty, u., for a given case sample mean concentration, x, is given by

(1)
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All.7 COVERAGE FACTOR AND EFFECTIVE DEGREES OF
FREEDOM

A coverage factor is a number chosen to determine the level of confidence to be associated with
data points within a desired standard deviation. Alternatively, A coverage factor, k, for specified
level of confidence, CL, and effective degrees of freedom, v, is a number, k. 10, Usually

greater than one from which an expanded uncertainty, Ue,,, is obtained when multiplied by a
combined standard uncertainty, u..

To determine a suitable coverage factor, a specified level of confidence, CL, is required along
with knowledge about the effective degrees of freedom, v, of all uncertainty components.

An effective degree of freedom is computed using the Welch-Satterthwaite equation [32] given
by

(&)
RO

O]

Veff =

The derived effective degrees of freedom along with the specified CL% is used to read a value
termed coverage factor, ke, cLo from the T-Distribution. Alternatively, MUCalc allows one to

specify a number directly for the coverage factor.

All.8 EXPANDED UNCERTAINTY

The expanded uncertainty, U, is the final step of measurement uncertainty computation. This
is done to derive a confidence interval believed to contain the true unknown value.

The expanded uncertainty is computed by multiplying the combined uncertainty, u., with the
coverage factor k,,_.. c1.9,

Uexp = UcX kveff,CL%
The percentage expanded uncertainty, %U,yp, is given by

exp

U
%Uexp = x— x 100

s

The confidence interval of the true concentration is calculated as

(xs - uckveff,CL%: Xs + uckveff,CL%)'

All.9 COVARIANCE MATRIX

Given a regression model of the form
y = bg + blxl + b2Z

The design matrix is of the form
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1 11 1 - 1
X=|X1 Xy X3 X4 = Xp
Z1 23 Z3 Zy v Zp
The covariance matrix is given by
Var(b,) Cov(by,by) Cov(by,b,)
o?x (XTX)'=|Cov(by, by) Var(b;) Cov(by,by)
Cov(by, by) Cov(by,by) Var(by)

where the standard error of regression S,/ is used as an estimate for the standard deviation o.

All.10 NOTATION

Hy, H; | Null and alternative hypotheses in a statistical hypothesis testing setting

index for sources of uncertainty: homogeneity (I = 1), calibration curve (I = 2),
l method precision (I = 3), calibration standards (I = 4), and sample preparation
(I =5).

U, combined standard uncertainty

u(l) | standard uncertainty for uncertainty source [

u,(l) | relative standard uncertainty for uncertainty source [

v(l) | degrees of freedom associated to source of uncertainty [

Vetr effective degrees of freedom

X average case sample concentration

Vs average case sample peak area ratio

MSS; | mean square error between sample groups

MSSy,, | mean square error within sample groups

E, critical value obtained from the inverse of the CDF of an F-Distribution

RSU : | relative standard uncertainty
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