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Foreword

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

The documents in the ISO 5725 series define the precision of quantitative measurement methods
and their results, and assume that the errors follow normal distributions in their basic models. Also,
they provide how to run experiments to evaluate precision measures, such as repeatability and
reproducibility. Nowadays, there is also a demand for dealing with qualitative measurement methods
and their results, which output binary data, categorical data, etc. However, the ISO 5725 series is not
suitable mathematically for analyzing such data.

Several e zisting studies propose statistical methods for Hpq]ing with hinqry :\ndl/nr r‘:\fpgnri{‘a] data,
but no gujdance documents are available so far. Hence, this document summaries various methodg to
evaluate the precision of binary measurement methods and their results, which are the most essential
and frequently used methods for qualitative data.

vi © 1S0 2021 - All rights reserved
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Statistical analysis for evaluating the precision of binary

measurement methods and their results

1 Scope

Thi HHE . HEe Fe-5ta Hethoef Fatatig-tHhep oot bHraryegsurement
mdthods and their results. The five methods can be divided into two types. Both types-arg based on
mgasured values provided by each laboratory participating in a collaborative study. In“the first type,
eath laboratory repeatedly measures a single sample. The samples measured by the laboraftories are
nominally identical. The second type is an extension of the first type, where there'are severgl levels of
samples.

Fof each statistical method, this document briefly summarizes its theory atid-explains how t¢ estimate
the¢ proposed precision measures. Some real cases are illustrated to help‘the readers undeystand the
evaluation procedures involved. For the first and second types of methods, five and three|cases are
preésented, respectively.

Fipally, this document compares the five statistical methods.

2 [ Normative references

Thie following documents are referred to in the text’in such a way that some or all of thejir content
constitutes requirements of this document. For\dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendment§) applies.
ISQ 3534-1, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in
probability

ISQ 5725-1, Accuracy (trueness and precision) of measurement methods and results — Part |l: General
principles and definitions

3 | Terms and definitions, and symbols

3.1 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 3534-1 and ISO 5/25-1 and
the followingyapply.

ISQ andIEC maintain terminological databases for use in standardization at the following addiresses:
—LISO Online browsing platform:- available at https-//www isa org/obhp

— IEC Electropedia: available at https://www.electropedia.org/

3.11

accordance

probability that two binary measured values be identical when they are taken from the same |

aboratory

Note 1 to entry: The concept corresponds to the definition of “repeatability” in ISO 5725 and was originally

proposed by Reference [3].

© IS0 2021 - All rights reserved
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3.1.2

concordance

probability that two binary measured values be identical when they are taken from different
laboratories

Note 1 to entry: The concept corresponds to the definition of “reproducibility” in ISO 5725 and was originally
proposed by Reference [3].

3.1.3
ORDANOVA

statistical methaod for evaluating the precision of ordinal-scale measurement methods and their results
based on &n ordinal dispersion measure

Note 1 to eptry: The concept was originally proposed by Reference [4].

3.1.4
true positive
TP
correct measured value in positive results, that is, the case where both the mea§ured and the corrgct
results arg positive

3.1.5
true negdtive
TN
correct measured value in negative results, that is, the case wheré€both the measured and the corrgct
results arp negative

3.1.6
false positive
FP
incorrect measured value in positive results, that is,.the case where the measured value is positive ut
the corredt one is negative

3.1.7
false negative
FN
incorrect measured value in negativetréesults, that is, the case where the measured value is negative ut
the corredt one is positive

3.1.8
confusion matrix
2x2 matrik showing theatumbers of true positives, true negatives, false positives and false negatives

3.1.9
CM-accurfacy
statistic fpr indicating the capability of two-class classifications, defined by the percentage of corrgct
measured values

Note 1 to entry: The term CM-accuracy is identical to the term accuracy in the machine learning field, and is not
generally used. However, this document uses CM-accuracy instead of accuracy in the machine learning field to
distinguish between the term accuracy in ISO 5725 and the term in the machine learning field. In this document,
the prefix CM stands for confusion matrixes because CM-accuracy can be calculated based on those.

3.1.10

sensitivity

statistic for indicating the capability of two-class classifications, defined by the percentage of correct
positive measured values

2 © IS0 2021 - All rights reserved
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3.1.11

specificity

statistic for indicating the capability of two-class classifications, defined by the percentage of correct
negative measured values

3.1.12

CM-precision

statistic for indicating the capability of two-class classifications, defined by the percentage of correct
measured values in positive measured values

te1 toentry: The term CM-precisionisidentical tothe term precisionin the machine learning field, and is not
generally used. However, this document uses CM-precision instead of precision in the machine learnfing field to
digtinguish between the term precision in ISO 5725 and the term in the machine learning field. In this|document,

stdtistic for indicating the capability of two-class classifications, defined by the harmdnic mean

appa coefficient
stdtistic for indicating the capability of two-class classificationsj.defined by the ratio of CM-accuracy
minus the possibility of the correctness occurring by chance to one minus the possibiljty of the
cofrectness occurring by chance

Nofe 1 to entry: Note to entry 1: The kappa coefficient ‘is.an extended statistic of CM-accuracy] originally
intfoduced by Reference [15], which takes into account the’possibility of the correctness occurring by|chance.

3.2 Symbols

L number of laboratories participating in a collaborative study

n number of repetitions in eachlaboratory participating in a collaborative study
i suffix describing a laboratory, and i € {1, ...,L}

J suffix describing adrepetition, and j e {1, ...,n}

Y measured valu@ of repetition j of laboratory i

sum ofthe/measured values Yij of laboratory i for the case where YVij € {O, 1} , thatis

n
! xi=2yi]. (yije{O,l})
j=1

T

iz arithmetic mean of Yij of laboratory i, thatis, y, = (1 / n) Zyij (i € {1, e L})

L n J=1
y overall arithmetic mean of y,, thatis, y = (1/(nL)) ZZ)}U
i=1j=1
nP number of positive measured values of laboratory i g
1
L
nP sum of nip with respectto i e {1, s L}, thatis, nP = Znip
i=1
¢ (i, j) -element of a confusion matrix

©1S0 2021 - All rights reserved 3
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m general mean (expectation) in the basic model of ISO 5725-2

laboratory component of bias under repeatability conditions of laboratory i in the basic model
i of ISO 5725-2

random error occurring in every measurement under repeatability conditions in the basic
€ model of SO 5725-2

o-rZi within-laboratory variance of laboratory i

o-rz repeatability variance or within-laboratory variance
o—g bgtween-laboratory variance

0'12? reproducibility variance, that is, 0'12? = O'r2 + O'f

o within-laboratory variance of laboratory i in the ISO 5725-based method

o2 repeatability variance in the ISO 5725-based method

r:w
O-E'W bgtween-laboratory variance in the ISO 5725-based method
Gzzz;w reproducibility variance in the ISO 5725-based method, that is, GIZQ:W = GrZ:W + GE:W

2 orldinal dispersion measure proposed by Reference [14] for the case of binary data assumed o
° follow a binomial distribution

o2 within-laboratory variance of laboratory i in @RDANOVA
o2 rejpeatability variance in ORDANOVA

2 bgtween-laboratory variance in ORDANOVA

CLo

0'}2?:0 reproducibility variance in ORDANOVA, that is, G}zw = 0'r2:0 + 0'5:0

p; prjobability of obtaining a measured value Yij = 1 oflaboratory i
L

p arfithmetic medn of pl.,that is, p = (1 / L) Zpl.

H, nyll hypothesis of a statistical test =

%g tept-statistic of a chi-squared test

A accordance of Reference [3] method
C concordance of Reference [3] method

estimate of X

<>

4 Overview
This document deals with the following five methods.

a) IS0 5725-based method (proposed by Reference [13]);

4 © IS0 2021 - All rights reserved
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b) accordance and concordance (proposed by Reference [3]);
c) ORDANOVA (proposed by Reference [4]);

d) CM-accuracy, sensitivity and specificity;

e) Kappa coefficient (proposed by Reference [15]).

The assumed data structure depends on each method. In methods a), b) and c), each laboratory
measures one identical sample multiple times, and the data can be summarized as in Table 1 and/or
Table 2; while methods d) and e) are based on many levels of samples, and the data can be summarized
asn ITable 3.

NOTE Nowadays, the probability for detection (POD) approach is used to analyze binary-medsufed values,
ingtead of the methods d) and e), but this document deals with only classical methods. T'hefe arg some ISO
do¢uments introducing the POD approach; see References [1] and [2].

Table 1 — Data format for methods a), b) and c)

Laboratory Rep 1 Repj Rep n
Lab 1 Y11 Y1j Y1n
Lab L yL]_ ij -yLn
NOTE Yij is either 0 or 1, which\means negative and positive measured
values, respectively.

Table 2 — Another expression of Table 1

Laboratony Number of 1 Number of 0
Lab 1 X, n-x;
Lab i X; n-—x;
Lab L X, n-x;
NOTE n is the number of repetitions in each laboratory, and
X, € {0, 1, ...,n}.

Table 3 — Data format for methods d) and e)

Measured values
Actual values 1 0
1 €11 €12
0 €1 €22

NOTE ¢;4,€5,Cyq1,Cy, arenon-negative integers.

© IS0 2021 - All rights reserved 5
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5 Examples used in this document

5.1 Case 1: Listeria monocytogenes

This subclause deals with the results of a collaborative study on Listeria monocytogenes, which was
quoted and analyzed in Reference [13]. The study consisted of ten laboratories, where each laboratory
repeated five-time measurements, thatis, L =10, n = 5. The results are shown in Table 4. In this table,
numbers 1 and 0 mean that Listeria monocytogenes were and were not detected, respectively; and the
column Total indicates the total number of detections of Listeria monocytogenes.

TaLle 4 — Case 1 — The results of a collaborative study on Listeria monocytogenes

Laboratory Meaflfred value
Repetition Total
Lab 1 1 1 1 1 1 5
Lab 2 1 1 1 1 1 5
Lab 3 1 1 1 1 1 5
Lab 4 1 1 1 1 1 5
Lab 5 0 0 1 1 1 3
Lab 6 1 1 1 1 1 5
Lab 7 0 0 1 1 1 3
Lab 8 1 1 1 1 1 5
Lab 9 1 1 1 1 1 5
Lab 10 1 1 1 1 1 5

5.2 Case 2: Human cell line activation test (h-CLAT)-1

This subc

Reference
laborator
21 chemi
chemical

Table 5

ause deals with the human cell line agtivation test (h-CLAT)[2I[6], The h-CLAT is an alternat
to an aninmal experiment for evaluating the sKin sensitization potential.

[Z] conducted a collaborative study and reported the results. The study consisted of f
es, where each laboratory‘repeated three-time measurements. Each laboratory measur
als, but this document,deals with two chemicals out of the 21, denoted by chemical 4 4
B, which have different pattern results. Case 2(a) reports the results of chemical 4, shown
Table 5, apd Case 2(b) reports.the results of chemical B, shown in Table 6.

— Case 2(a)—/Number of detections of the skin sensitization potential of chemical 4
by h-CLAT in three-time measurements
Laboratory N_umber of dete_c-tions
in three repetitions
Lab 1 3
Lab 2 3
Lab 3 1
Lab 4 3
Lab5 3

ve

ve
ed
nd
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Table 6 — Case 2(b) — Number of detections of the skin sensitization potential of chemical B

by h-CLAT in three-time measurements

Laborator Number of detections
y in three repetitions
Lab 1 0
Lab 2 2
Lab-3 8
Lab 4 1
Lab 5 0
5.3 Case 3: Intraracheal administration testing

Thfis subclause deals with the intratracheal administration testl8l. The tesf.is a relatively n

SC]]

eening method for evaluating the pulmonary toxicity of nanomaterials.

Thie National Institute of Advanced Industrial Science and Technology (AIST) and five test lal

co
wh
at

ha
thd
Ca
0,1

NO
NO

thi
is t

iducted a collaborative study and reported the results[?l. The $tudy consisted of five lah
ere each laboratory reported positives (1) or negatives (0),of effects for 19 pathologica
three doses using five rats. This document deals with tw6 pathological findings at one d
e different patterns. Case 3(a) reports the results of appearance of alveolar macrophages
b administration of 0,13 mg/kg weight of a multi-wall €arbon nanotube (MWCNT), shown
ce 3(b) reports the results of hyperplasia of type-lI'pneumocystis following the adminis
3 mg/kg weight of a MWCNT, shown in Table 8.

TE1 See Reference [9] for the report, in Japanese, on the collaborative study and its original raw

TE 2  Eachlaboratory originally reported the strength of effects with five-level scores, -, %, +, ++
5 document, these five-level scores are gathered to two-level scores, 1 and 0. When the original sco

reated as negative (0); otherwise, thescore is treated as positive (1).

Table 7 — Case 3 (a) —Results of a collaborative study of an intratracheal
administration testing with appearance of alveolar macrophages

Number of rats reported in each category
Laboratory

0 1
Lab A 0 5
Lab B 0 5
Lab C 0 5
Lab D 0 5
Lab E 0 5

bW in vivo

poratories
oratories,
| findings
pse, which
following
in Table 7.
tration of

' data.

hnd +++. In
re was —, it

©lI

Table 8 — Case 3 (b) —Results of a collaborative study of an intratracheal
administration testing with hyperplasia of type Il pneumocystis

Number of rats reported in each category
Laboratory

0 1
Lab A 0 5
Lab B 3 2
Lab C 3 2
Lab D 1 4
Lab E 3 2

SO 2021 - All rights reserved
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5.4 Case 4: Histopathological classification of lung carcinoma

Reference [10] compared 75-case diagnosis results of adenosquamous carcinoma, a type of lung
carcinoma, rendered by three pathologists. The comparison results between two pathologists out of
the three are shown in Table 9 as a confusion matrix. In this table, indices 0 and 1 mean grade Il and
grade III, respectively, and the non-negative integer in each cell stands for the number of cases.

Table 9 — Case 4 — Comparison results between two pathologists

Pathologist 2
Pathologist 1 1 0
1 27 4
0 3 41

5.5 Case 5: Human cell line activation test (h-CLAT)-2

Reference| [11] compared the detection results of the h-CLAT and another alternative for evaluating the
skin sensitization potential, the local lymph node assay (LLNA), using 117 chemicals. The comparigon
results arp shown in Table 10 as a confusion matrix. In this table, indices 1 _and"0 mean that a chemifal
was evaluated to have and not to have, respectively, the skin sensitization poetential by each assay. The
non-negafive integer in each cell stands for the number of chemicals.

Table 10 — Case 5 — Comparison results between LLNA and h-CLAT

h-CLAT
LLNA 1 0
1 75 10
0 8 24

5.6 Case 6: Statistical model for predicting chemical toxicity

Some methods can be used for quantifying-the prediction accuracy of statistical and machine learning
models. Reference [12] developed a statistical model for predicting increased serum ALT levels|in
rats, whigh was one of the widely-Gsgd hepatotoxicity markers. The comparison results between the
observed [toxicity in rats and the (predicted toxicity by the model are shown in Table 11 as a confusjon
matrix. In this table, indices 1(ahd 0 mean that a chemical was evaluated to have and not to have the

hepatotoxicity, respectively»The non-negative integer in each cell stands for the number of chemicals.

T4ble 11 — Case'6 — Comparison results between observed and predicted results

on increased serum ALT levels in rats

Predicted values

Observed values 1 0
1 1o 5}
0 39 114

© IS0 2021 - All rights reserved
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Statistical analysis for evaluating the precision of binary measurement

methods and their results

6.1

ISO 5725-based method

6.1.1 Overview

This method was originally introduced by Reference [13]. The study treated positive and negative
measured values as integers one and zero, respectively, and directly applied the ISO 5725-2 approach to

bifary mreasured vatues:
Thle basic model of ISO 5725-2 is
where y;, m and B, are, respectively, the measured value of repetition ~je{{1,..., n} in laboratory
ief{1, ..., L}, the general mean, and the laboratory component of variation in laboratory [i. For any
ie{{1, ..., L}, it assumes that the expectation of B; is zero, E(B;)=0+and the variations |of B, are
idgntical among all laboratories, V(Bl-)zcrrzl- =0'r2. To estimate statistically the repeatability|between-
lahoratory and reproducibility variances, a one-way analysis¢ef variance (one-way ANOVA) (random
effects model) is performed. From Table 12, these variances-atre estimated as follows:
~2 2
G- =7, (2)
2 2
2 _ S TS
6] = , (3)
n
anfd
22 _ a2 ~2
G =67 +67. (4)
Table 12 — ANOVA table for ISO 5725-2
Source Sum of squares | Degree of freedom | Mean square (MS) Expected MS,
(5Q) (df) (=5Q/df) E(MS)
L 2
Between lab. nz (j/i -y) L-1 5121 no-z " Grz
i=1
L n )
Within lab. ) (yij -%) L(n-1) &2 of
i=1,=1
L n
2
Total zz (yij - y) Ln—1
i=1j=1
1 n
yi=-— Zyij (1’ € {1, cees L}),that is, the arithmetic mean ofyi]. of laboratory i;
n =)
1 L n 1 L
y= EZZ Vi | = ZZyI. that is, the overall arithemetic mean of y.
i=1j=1 i=1
©1S0 2021 - All rights reserved 9
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Reference [13] basic model is

yij:p+(pi_p)+eija (5)
where Yij is the measured value described as 0 (negative) or 1 (positive) for repetition j e {1,..., n} in
laboratory i€ {1, ey L}, p; and p are the probability of obtaining a measured value Yij = 1 in

laboratory i and its expectation, respectively.

Under the inﬂnpnnr‘nnr‘n accnmpfinn ofISQ 5728 7, }II] (JI —1 5 n) 1n lahnrafnry i follaws a Borng 111

distributipn with parameter p;; thus, the within-laboratory variance of laboratory i is
2

Oriw [= 2 (1= p;), (6)

and the (whole) repeatability variance is defined as the average of Gn )

L L
2 1oz _1 _ _2 [
Orw [ Zgl,ari:w = Zépi (1-p;)=p Zp 7)

The betwegen-laboratory variance in the populatlon of L laboratories’is defined as a classical variance
of p; thatis,

2 L1 N2
OLw [ L_lzl,(pi p) (8)
1=
and then the reproducibility variance is defined as thésame as ISO 5725. In other words,
2 _ 2 2
Opw [FOrw T OLw- (9)

n
NOTE1 |Let x; = Zyij be the numberof positive measured values, then x; follows a binomial distributfon
j=1

with parameters n and p;.

From the fefinition of p, and-p, their estimates are calculated as

ﬁ,-=-j Zy,, andp=— Zp = LZZ)/,,, (19

i=1j=1
respectivvly. In a similar way to ISO 5725-2, a modified one-way ANOVA is performed to estimate

statisticallythe repeatability, between-laboratory and reproducibility variances. From Table 13, th¢se

variances are estimated as follows:

L
. n R R
Oray =51 = mzpi (1-5); (11)
i=1
2 2 L L L
2 _Sp~Ss 1 5 _A . 5 1 (T_A)Z_lAz 12
OLw " L_lgl,(pi b) (n-1 ; L_lgf b —p nGr:W’ (12)

10 © IS0 2021 - All rights reserved
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and
2 a2 ~2
Orw = Orw T OLw- (13)
Table 13 — ANOVA table for the Reference [13] method
Source Sum of squares Degree of freedom Mean square Expected MS,
(SQ) (df) (MS)(=5Q/df) E(MS)
L .
Between labs. nz (p; —p) L-1 sfl nt,W - O-r2~W
i=1
L
Within labs. nY'p; (1-5;) L(n-1) s oy
i=1
Total Lnp(1-p) nL-1

For conducting statistical tests to check whether the results of a collaborative study indicat¢ different
sefsitivities p;, Reference [13] proposed to apply the chi-squaréd test for independenjce in the

contingency table shown in Table 14.

Thie null hypothesis is
Hy:py =p,=-=p, =p (14)

anf the alternative hypothesis is that not all of the p; are equal. Under the null hypothesis H, and the

copdition both np >5 and n (1 - [5) > 5 are.satisfied, the following test statistic ;(2 is apprjoximately
chl-squared distributed with L —1 degrees’of freedom.

L \2 A\\2 L ~ A\2 L ~ \2
) < (X —np) (n-&)=-n(1-p)) < n(p,-p) n(p; - p)
L P Y [ REP Y B M R
. (15)
n ~ 2
=TT (P,-*f’)-
p(l—p)gl‘

To[check whether-the null hypothesis H; is statistically rejected or not, the chi-squared t¢st can be

us¢d. When th¢lcondition np > 5 and n(l - ﬁ) > 5 is not satisfied, the Fisher’s exact test can be used
indtead.

Table 14 — Contingency table for detecting a between-laboratory variance
- inthelSO5725-basedimethed——— |

Attribute Laboratory Total
o L
Number of positive X X X X
measured values 1 2 L z i
i=1
Numb f ti L
umber of negative 3 3
measured values n—x n—X; n—xp nL zxi
i=1
Total n n n nlL
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NOTE2 The number of repetitions n> 10 is necessary to satisfy the condition np >5 and n(l - [3) >5;
therefore, if n < 10 then the condition is never satisfied.
NOTE 3  Both the Fisher's exact test and the chi-squared test can be conducted using widely used statistical

software such as R. For example, when one uses R, the former test can be conducted by a pre-install function,
fisher.test(); while the latter test can be done by a pre-install function, chisq.test().

6.1.2 Casel

The estinjated detection probability p, of each laboratory is listed in Table 15; therefore, p #0,92.

Since L =[10 and n =5, the estimates of the repeatability, between-laboratory and reprdducibillity
variances|are, respectively, calculated as follows:

1,0(1-1,0)+1,0 -(1-1,0)+1,0 -(1-1,0)+ 1,0 - (1 - 1,0)+
6%, =ﬁ 0,6 -(0,6-1)+1,0-(1-1,0)+0,6 -(1-0,6)+1,0 - (1-40) =0,060, (]6)
=), .(1-1,0)+1,0 -(1-1,0)

(1,0-0,92)" +(1,0-0,92) +(1,0-0,92)°

, 1 [+(1,0-0,92)* + (0,6 -0,92)° +(1,0-0,92)’ 1
SlwE—— ) ) K——— 0,060 = 0,016, (17)
10=11,(0,6-0,92)" +(1,0-0,92) 10-(5-1)
+(1,0-0,92)" +(1,0-0,92)"
and
6§:W = 0,060+ 0,016 4 = 0,076. (18)
Because the P-value of the Fisher's exact test is 0,04, H,:p; =p, =--=p; is rejected wijth

5 %-significance level; thus, a betweemntlaboratory variance is present from the viewpoint of statistig

g

Table 15 — List of the' estimated detection probability of each laboratory

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5 | Lab6 | Lab7 | Lab8 | Lab9 | Lab 10

Estimated
detection 1,0 1,0 1,0 1,0 0,60 1,0 0,60 1,0 1,0 1,0
probabilitly, p;

6.1.3 Case2(a)

The estimated detection probability p; of each laboratory 1s listed In Table 16; then, p = U, 866 = 0,87 .
Since L =5 and n =3, the estimates of the repeatability, between-laboratory and reproducibility

variances are, respectively, calculated as 6'r2:W = 0,067, 6‘iW =~ 0,067 and 6‘1%:W = 0,13.
Because the P-value of the Fisher's exact test is 0,14, H,:p; =p, =~ =p; is not rejected with

5 %-significance level.

Table 16 — List of the estimated detection probability of each laboratory

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5
Estimated detection probability, p; 1,0 1,0 0,33 1,0 0,60
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6.1.4 Case2(b)

The estimated detection probability p; of each laboratory is listed in Table 17; therefore, p =0,20.
Since L =5 and n =3, the estimates of the repeatability, between- laboratory and reproducibility
variances are, respectively, calculated as 67, = 0,13, O'L w = 0,044 and O'R w =0,18.

Because the P-value of the Fisher's exact test is 0,41, H,:p, =p, =--=p, is not rejected with
5 %-significance level.

Table 17 — List of the estimated detection probability of each laboratory

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lah5b
Estimated detection probability, [71. 0,00 0,67 0,00 0,33 0,00

6.1.5 Case 3(a)

Thile estimated probability f)i of each laboratory is listed in Table 18;therefore, p =1,0. Sihce L =5
anfl n =5, the estimates of the repeatability, between-laboratory-amd reproducibility varignces are,
regpectively, calculated as 6'r2:W =0,00, G“iw =0,00 and oA'}Z&W =0;00.

Befause the P-value of the Fisher's exact test is 1,0, Hy\p; =p, =---=p; is not rejefted with
5 %-significance level.

Table 18 — List of the estimated detection probability of each laboratory

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5
Estimated detection probability, p, 1,0 1,0 1,0 1,0 1,0

6.1.6 Case 3(b)

The estimated detection probability p, of each laboratory is listed in Table 19; therefore,|p = 0,60.
Sirfce L =5 and n =5, thé estimates of the repeatability, between- laboratory and repraducibility
vafiances are, respectively,€alculated as O'ZW =0,22, GLW =0,036 and O'RW = 0,26.

Befause the P-valuenof the Fisher's exact test is 0,19, H, :p; =p, = =p, is not rejefted with
5 Yo-significancelevel.

Table 19 — List of the estimated detection probability of each laboratory

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5

Estimated-detection-probabiliss D 10 040 0.4.0 080 040
................... prosashitys "’1 7 7 7 7 7

6.2 Accordance and concordance

6.2.1 Overview

Accordance and concordance were originally introduced by Reference [3]. They correspond to
repeatability and reproducibility, respectively, in ISO 5725. These concepts were based on the
probability that two measured values were identical.
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The definition of accordance is the probability that pairs in each laboratory be identical; while that of
concordance is the probability that pairs between different laboratories be identical. The estimates of
accordance and concordance are, respectively, as follows:

nP (nf 1)+ (n=nP)(n—nP -1)

n(n—l)

1211. (121 of laboratory i) = (19)

i

A = the arithmetric mean value of 1211. , (20)

and

N

(s (np —nL)+nL(nL—1)—121 'nL(n—l)

C= , (21)
n’L(L-1)
where n, L and nf are the number of the repetitions in each laboratory, that of laboratories, and that of
L
positive measured values in laboratory i, respectively; and nP = Zrllp.
i=1
NOTE 1 [The estimate of accordance of laboratory i is from the expression
p p
n; L—n; n
P[] () (32)
2 2 2
and that of concordance is from the expression
nP L-n"| .
- —A-nL(n-1)
2 2 13)
P
5 L
n
2

Each tern} in Formula (23) based on the'number of pairs satisfying some conditions when arbitrary
pairs of egch laboratory measured yalues or all laboratory measured values are considered. The detdils
are as follpws:

p
n
is the numper of pairs from all positive measured values in all laboratories n”;
2
L-n i . . . . . p
is;the number of pairs from all negative measured values in all laboratories L —n";
2
R ctbhao crin Aftbha e ne AfF e fren oot sanacnad valiiac 1 aach 1o oo oy
A .nL (n — 1) TJ CITC u.ulll U1 CIIC llulll.u\.ml T l_lull J 1T OIIT l.IU;)-lLlV\' TIICOJUTCO varTgaCT I 11T ©OCIT TaouoUT MLUAJ
and pairs from negative measured values in each laboratory;
(L
n 5 is the number of pairs from all measured values in in all laboratories.

When concordance is less than accordance, a between-laboratory variance seems to be present;
however, it is difficult to quantify the size of the between-laboratory variance. To demonstrate whether
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a between-laboratory variance was present or not, Reference [3] proposed to consider concordance
odds ratios (CORs), which were defined as follows:

100 4 - (100-100 C)

COR = —— =
100 C - (100 -100 4)

(24)

The COR is the odds ratio when the contingency table shown in Table 20 is considered; therefore, if
COR =1, then accordance = concordance, while if COR >1, then accordance > concordance. To check
whether COR =1 or COR >1, the Fisher's exact test or the chi-squared test can be used.

Ta‘ble 20 — Contingency table for detecting a between-laboratory variance in Langton'

NO

expression of the size of the between-laboratory variance.

s method

Number of pairs

Attribute - Total
of the same elements of different elements
Within laboratory 100 A 100-100 A 100
Between labora- N N
tory 100 C 100-100C 100
Total 100 (A+C) 200-100 (A #6) 200

TE2 Since A and C strongly depend on sensitivity, the difference-between C and 4 is not suif

able for an

6.2.2 Casel
Thie estimate of accordance of each laboratory is shewh in Table 21; therefore,
e 1,0+1,0+1,0+1,0+0,40+1,0+0,40+1,0+1,0+1,0 _ 0.88. (25)
10
Sirjce the number of positive measuredvalues in all laboratories n” is 46, the estimate of copcordance
is ¢alculated as follows:

. 2-46-(46-5-10)+5.-10- (5-10-1)-0,88-5-10- (5-1)

C = = 0, 85. (26)

5% .10 - (10-1)
Theen,

COR=1,3. (27)
Befause th€ B-value of the Fisher's exact test is 0,34, Hy: COR=1 is not rejected with 5 %-significance
leviel.

Table-21—List-ofthe-estimate-ofaccordance-ofeachlaberateryinCasel
Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5 | Lab6 | Lab7 | Lab8 | Lab9 | Lab 10
211. 1,0 1,0 1,0 1,0 0,40 1,0 0,40 1,0 1,0 1,0

6.2.3 Case 2(a)

The estimate of accordance of each laboratory is shown in Table 22; therefore, A= 0,87.Since n” =10,
C ~0,73 and COR =~ 2.4 .

Because the P-value of the Fisher's exact test is 0,01, Hy: COR=1 is rejected with 5 %-significance

level; thus, a between-laboratory variance is present from the viewpoint of statistics.
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Table 22 — List of the estimate of accordance of each laboratory in Case 2(a)

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5

A 1,0 1,0 0,33 1,0 1,0

6.2.4 Case2(b)

The estimate of accordance of each laboratory is shown in Table 23; therefore, A= 0,73.Since n” =3,
C =~ 0,64 and COR = 1,5.

Because the P-value of the Fisher's exact testis 0,11, H, : COR =1 is notrejected with 5 %-significalllce
level.

Table 23 — List of the estimate of accordance of each laboratory in Case 2(b)

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5

4 0,00 0,67 0,00 0,33 0,00

6.2.5 Case 3(a)

The estimjate of accordance of each laboratory is shown in Table 24y therefore, A= 1,0. Since n” =125,

C= 1,0. In this case, the COR cannot be calculated since its dendminator becomes 0. It is naturalf to

consider that any between-laboratory variations are not present, because accordances of all laboratorjies
are identifal.

Table 24 — List of the estimate of accordance of each laboratory in Case 3(a

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5

A 1,0 1,0 1,0 1,0 1,0

1

6.2.6 Case 3(b)

The estimjate of accordance of each laboratory is shown in Table 25; therefore, A =0,56. Since n* =15,
C = 0,49 pnd COR = 1,3.

Because the P-value of theEisher's exact testis 0,20, /,: COR =1 is notrejected with 5 %-significance
level.

Table 25/ List of the estimate of accordance of each laboratory in Case 3(b)

Laboratory Lab1 | Lab2 | Lab3 | Lab4 | Lab5

2 10 fa)
#- 10 g

1

4.0 0
\°4 \*4

4.0 060 040
RS IR U500 OTO

5T

6.3 ORDANOVA

6.3.1 Overview

ORDANOVA was originally introduced by Reference [4] for general ordinal-scale measurement methods
and results; but this clause summarizes ORDANOVA only for binary cases.
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ORDANOVA is based on an ordinal dispersion measure proposed by Reference [14], which is one of the
most successful measure for an ordinal data variation. For binary data assumed to follow a binomial
distribution with parameters # and g, the measure is defined as

o’ =4q(1-q).

(28)

Using the measure, the total variance and the within-laboratory variance of laboratory i are,
respectively, defined as

2
T p—p)andorp=4p(1—pr), (29)
where p; and p are, respectively, the probability of obtaining a measured value y, = 1)in laboratory i
anfl its expectation. Also, using a classical variance of p,, the between-laboratory variance in the
population of L laboratories is defined as
4 L 2
2 —_ — . —
Olo=71 Z(p, p)”. (30)
i=1
Befause the following relationship holds among these variances:
1L
2 2 2
or =chri:0+GL:0: (31)
i=1
the repeatability and reproducibility variances are, ré€spectively, defined as the average of O'f:O and the
totlal variance. In other words,
2 1 c 2 2 2
c.,=—»0,,and 0,,=0;. 32
r:0 L ; ri:O R:O0 T ( )
From the definitions of p, and p, their estimates are, respectively, calculated as
P 1 L N L
D = ; D = — A, =\ p
b= and p 5 ZP, " an : (33)
i=1 i=1
where n” stands fox@®he number of positive measured values in laboratory i. Then, the repeatability,
befween-laboratory.and reproducibility variances are, respectively, estimated as
L L p p
-2 . Ao "
67, =5N4p, (1-p)==-Y —|1-—L|, 34
r:0 2 b; ( pz) L 2 n n ( )
i=1 i=1
L L p L \2
2 % 2 & m; T b
=— - =— -—yn |, 35
i=1 i=1 i=
and
L L L L
G2 =4;3(1—15)=4l p 1-15p |4l Lyw |1- Ly (36)
i=1 i=1 i=1 i=1
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For conducting statistical tests to check whether the results of a collaborative study indicate different
sensitivities p,, Reference [4] applied the same method as Reference [13]. More precisely, they

introduced the statistic / and proved the following relationships:

.2
67 /d - 2 2
I = L/fanL L x . x (37)

~2 -1 L=
67 / df; n. L-1 L-1

Then, they proposed that the null hypothesis is rejected if

2
xo—l ]
1> , 38
1 (38)

where x|, stands for the critical value of the chi-square statistic.

NOTE 1 |[The reproducibility variance can be estimated as follows, too:

L L
2 |1 4- 2
%ro T Grio *0lo = 24p1 (1-5) 2(1’ - )
i=1 1:1 39
4 LnP nP o1t i 'R
L ~|n n n nL4&'!
i=1 i=1

NOTE 2 [The statistical test for checking whether the null _hypothesis is statistically rejected or nof is
completely| identical to the method introduced by Reference*[13]; therefore, when the condition np 25 gnd

n (1 - [9) >|5 is not satisfied, the Fisher’s exact test can be used instead.

6.3.2 Casel

The estimated probability p; of each labopatory is listed in Table 15; therefore, p = 0,92. Since L =[10

and n =195, the estimates of the within-laboratory, between-laboratory and reproducibility varianges
are, respelctively, calculated as follows:

1,0 (1-1,0)+1,0~(1-1,0)+1,0- (1-1,0)+1,0 - (1-1,0)
6% ={=1+0,6 - (0,6 -H)*1,0- (1-1,0)+0,6 - (1-0,6)+1,0- (1-1,0); = 0,19, (40)
+1,0 - (L£1,0)+1,0- (1-1,0)

(1,020,92)° +(1,0-0,92)* +(1,0-0,92)° +(1,0-0,92)’

62 = 11—0 0,60 —0,92)" +(1,0-0,92)° +(0,60—0,92)" ~ 0,10, 1)
(o ooVl o oo ooN2 g o o2
'I'\.L,U_U’VL) T\L,U_U,‘JL} TKL,U_U,‘JL} J
and
6% =4 (0,92 (1-0,92)) = 0,29. (42)

6.3.3 Case 2(a)

The estimated probability p; of each laboratory is listed in Table 16; therefore, p = 0,87. Since L =5
and n = 3, the estimates of the within-laboratory, between-laboratory and reproducibility variances
are, respectively, calculated as 6r2 =~ 0,18, o‘f =~ 0,28 and 61% = 0,46.
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The estimated probability p; of each laboratory is listed in Table 17; therefore, p =0,20. Since L =5

and n = 3, the estimates of the within-laboratory, between-laboratory and reproducibility variances

are, respectively, calculated as 6r2 = 0,36, 65 =~ 0,28 and oﬁ = 0, 64.

6.3.5 Case 3(a)

Th

e estimated probability f)l. of each laboratory is listed in Table 18; therefore, p =1,0. Si

nce L=5

an
are
6.3

Th
an
are,

6.4

6.4

CM
(o
alt

Th

an

wh
res

NO

1 n =5, the estimates of the within-laboratory, between-laboratory and reproducibility
, respectively, calculated as 6r2 = 0,00, G“f = 0,00 and 6122 =0,00.

.6 Case 3(b)

e estimated probability p; of each laboratory is listed in Table 19; therefore; p = 0,60. Si
1 n =5, the estimates of the within laboratory, between-laboratory @nd reproducibility
p, respectively, calculated as 0' = 0,70, 657 = 0,26 and 61% = 0,96,

I CM-accuracy, sensitivity and specificity

.1 Overview

-accuracy, sensitivity and specificity are widely used statistics based on the true value
positive/negative). These statistics can be usedfor quantifying the capacities of a labora
ernative measurement method, of a statistical model by comparing the true values, and so

ese are defined as follows:

TP+TN
Total (= TP+ TN+EP+FN)’

CM-Accuracy =

Sensitivity = _TP
TP+FN’
ol
TN
Specificity = ~~———,
P v TN +FP
ere TP, <IN\, FP and FN stand for true positive, true negative, false positive and false

pectively.

TEA Sen51t1v1ty represents the percentage ofposmve measured values to actual posmves while]

variances

nce L=5
variances

of 1or0
fory, of an
on.

(43)

(44)

(45)

negative,

specificity

IrepTesSTIItS the percentage of TTegative Teasur et vatuestoactuat TTegatives.: Thetwostatistics Tepresent the
capability of measurement methods for determining 'True' or 'False'; see Table 26.

Table 26 — Confusion matrix

Measurement
Actual
True False Sum
True True positive (TP) False negative (FN) TP+FN
False False positive (FP) True negative (TN) FP+TN
Sum TP+FP FN+TN Total

©lI
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There are several similar kinds of statistics to CM-accuracy, sensitivity and specificity; for example,
CM-precision, F-measure and balanced accuracy. These definitions are listed as follows:

TP
CM-precision = , (46)
TP+FP
F-measure = ZsenS.IFlYlty . CM-preclls-lon ’ 47)
sensitivity + CM-precision
and
Balanfed accuracy = sensitivity +specificity . (48)

2

NOTE 2  [CM-precision is defined as the percentage of actual positives to positive measured valués, The statigtic
represents/the completeness of the detection of positives.

NOTE 3 [F-measure is the harmonic mean between sensitivity and CM-precision. Sin€e-sensitivity and (M-
precision describe, respectively, the correctness and the completeness of the detection of pesitives, the F-measfire
is one of thie integrated statistics of the detection of positives.

NOTE 4 ([Balanced accuracy is the arithmetic mean between sensitivity and specificity, so the statigtic
describes fhe accuracy not depending on the distribution of the true values.

6.4.2 Case4

The results are as follows:

CM-adcuracy = 241 _0 01, (49)
Sensitivity = =0,87. 50
Y=271a (0)
Specificity = ~0,93 b1
P Y4148 (p1)
CM-precision = =0,90: 52
P 27+3 ($2)

F-me3 sure=2 - 0,870570,500 ~0,88. (%3)
0,870+0,900

Balanfed aceuracy= mzo'ggl =0,90. (%4)
6.4.3 Case5
The results are CM-accuracy = 0,85, sensitivity = 0,88, specificity = 0,75, CM-precision = 0,90,
F-measure = 0,89 and balanced accuracy = 0,82.
6.4.4 Caseb6
The results are CM-accuracy = 0,75, sensitivity = 0,78, specificity = 0,75, CM-precision = 0,32,

F-measure = 0,45 and balanced accuracy = 0,76.
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6.5 Kappa coefficient

6.5.1 Overview

CM-accuracy has a problem that it strongly depends on the distribution of the true values. To overcome
the problem, Reference [15] introduced the kappa coefficient.

The kappa coefficient is defined as
_P-P,
1-P,

%
7€

(55)

where P and P, stand, respectively, for CM-accuracy (overall agreement) and the priobability of the

agreement occurring by chance. P, is predicted by the following calculation:

p (TP+FN) (TP+FP) (FP+TN) (FN+TN) 6
= + .
¢ Total Total Total Total (>6)

Several criteria were proposed to determine the value of the kappa coefficient x . Table 27 shows some
of the criteria.

Table 27 — Proposed criteria for the kappa coefficient

K Landis et al. Cicchetti et al. Fleiss

<0 poor
0,00 to 0,20 slight poor poor
0,21t0 0,40 fair
0,41 to 0,60 moderate fair )

fair to good
0,61 to 0,75
substantial
0,75 t0 0,80 excellent
excellent

0,81to 1,0 almost perfect

6.3.2 Case4
CM-accuracy and the probability of the agreement occurring by chance are, respectively,

_27+41

P =0,906 (57)
anf
27+4)(27+3 3+41) (4+41
P L ) (27+3)  (3+41) ( ) _0.517: (58)
75 75 75 75
therefore, the kappa coefficient is
1-0,517
6.5.3 Case5

CM-accuracy and the probability of the agreement occurring by chance are P = 0,846 and P, = 0,595,
respectively; therefore, the kappa coefficient is k¥ = 0,62.
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