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SUMMARY

Introduction and aim: External quality assessment (EQA) is an integral part of quality
management systems in medical biochemical laboratories enabling monitoring of individual
results as well as harmonisation and standardisation of measurement procedures (MPs) used in
the clinical setting. Commutability of control samples is a major prerequisite for assessing
laboratory and MP performance according to the unique target value. Commutable control
samples show the same properties in different MPs as well as patient samples. Commutability
is usually evaluated using regression analysis and statistically determined criteria of acceptance
without taking into consideration analytical performance specifications for the analyte. The
aim of this research is to propose a new model for the evaluation of commutability criteria
using analytical performance specifications for each analyte within the EQA program for
medical biochemical laboratories.

Materials and methods: Lyophilised control samples were distributed together with native
and spiked serum samples to all participants of Croatian EQA (CROQALM). The participants
analysed both samples using routine MPs. Commutability of control samples was evaluated
using the results of two kinds of samples and newly proposed false flagging method. The results
for commutability were compared to statistically determined commutability criteria obtained
by recommended regression analysis for commutability evaluation of EQA control samples.
Three lyophilised EQA control samples were evaluated for commutability for 22 biochemistry
analytes and related MPs used in medical biochemical laboratories.

Results: The controls were found commutable for 13 analytes: AMY, AST, CK, glucose, iron,
LDH, phosphate, potassium, sodium, proteins, triglycerides, urate and urea. High
noncommutability of control materials was found for chloride in all three control samples and
HDL-cholesterol, AP, creatinine and calcium in two out of three control samples. Unequal
criteria in statistically defined commutability limits resulted in commutability conclusions that
are dependent on measurement results of patient serum samples by evaluated MPs.
Conclusions: The false flagging method, proposed in this thesis, can be used for evaluating
commutability of control samples within the EQA program of medical biochemical
laboratories. The commutability limits are equally designed for all MP combinations and
connected to established analytical performance specifications of the analytes.

Keywords: commutability, external quality assessment, false flagging method



SAZETAK

Uvod i cilj: Vanjska procjena kvalitete sastavni je dio sustava za upravljanje kvalitetom
medicinsko-biokemijskih laboratorija. Osim prosudbe mjernih rezultata, vanjska procjena
kvalitete ima za svrhu pracenje globalnih ciljeva harmonizacije i standardizacije mjernih
postupaka koji se koriste u laboratorijima. Cilj takvog pracenja je osiguranje myjeriteljske
sljedivosti rezultata analiza te moguénost da se koriste jedinstveni referenti materijali i slijede
istovrsne klinicke smjernice. Komutabilnost kontrolnih uzoraka nuzan je preduvjet za valjanu
prosudbu kvalitete prema jedinstvenoj ciljnoj vrijednosti, a definirana je kao bliskost
numerickog odnosa izmedu rezultata razlicitih mjernih postupaka za referentni materijal kao i
za reprezentativne uzorke pacijenata, ovisno o namjeni referentnog materijala. Premda
proizvodaci i programi vanjske kontrole kvalitete nastoje osigurati komutabilne uzorke za
prosudbu laboratorija, komutabilnost je vrlo ¢esto ugrozena zbog nastojanja da se osiguraju
dovoljne koli¢ine kontrolnog uzorka stabilnog kroz duze razdoblje i koji sadrzi razlicite
koncentracijske raspone ispitivanih analita. Metode koje se najc¢esS¢e koriste za ispitivanje
komutabilnosti temelje se na regresijskoj analizi i na usporedbi kontrolnih uzoraka s uzorcima
pacijenata uz interval pouzdanosti od 95% oko linije regresije kao kriterija prihvata. Statisticki
kriteriji za prosudbu komutabilnosti omogucavaju objektivnu, brojcanu prosudbu rezultata
mjerenja, no kriteriji prihvata u velikoj mjeri ovise o stupnju usporedivosti dvaju mjernih
postupaka na uzorcima pacijenata. Do sada predlozeni statisticki kriteriji ne uzimaju u obzir
svrhu koristenja ispitivanih kontrolnih uzoraka, te ciljeve analiticke ili klinicke kvalitete za
pojedini analit. Stoga je cilj ovog doktorskog rada postavljanje i validacija nove metode za
prosudbu komutabilnosti kontrolnih uzoraka kojom se komutabilnost kontrolnih uzoraka
prosuduje ovisno o postavljenim analitickim ciljevima kvalitete i njihovoj kona¢noj namjeni
procjene toc¢nosti rezultata mjerenja i standardizacije/harmonizacije mjernih postupaka.

Materijali i metode: U ovom istrazivanju koriSteni su svjezi serumi dobrovoljnih davatelja
krvi; svjezi serumi dobrovoljnih davatelja krvi s dodatkom glukoze, ureje, natrija, kalija,
klorida i bilirubina, ostatni uzorci seruma pacijenata koji se prikupljaju nakon rutinske
laboratorijske obrade, te tri liofilizirana komercijalna kontrolna uzorka (C1/2016, C2/2016 i
C3/2016) razlicitih proizvodaca koji se koriste u vanjskoj procjeni kvalitete medicinsko-
biokemijskih laboratorija u Hrvatskoj. Rezultati mjerenja 12 ispitivanih analita (glukoze,
ukupnog kolesterola, triglicerida, HDL-kolesterola, ureje, kreatinina, natrija, kalija, klorida,
AST, ALT i GGT) u liofiliziranim kontrolnim uzorcima usporedivani su s rezultatima mjerenja

istih analita u ostatnim serumima pacijenata upotrebom pet rutinskih mjernih postupaka. Prvi



korak u prosudbi komutabilnosti kontrolnih uzoraka bila je regresijska analiza. U okviru
vanjske procjene kvalitete medicinsko-biokemijskih laboratorija, kontrolni uzorci i serumi
dobrovoljnih davatelja krvi analizirani su u 180-184 medicinsko-biokemijska laboratorija
tijekom 2016. godine, koristenjem standardnih mjernih postupaka, u tri ciklusa vanjske
procjene kvalitete CROQALM. Analiza uzoraka obuhvatila je mjerenje svih biokemijskih
pretraga obuhvacéenih ovim programom koje ulaze u opseg rada danog laboratorija. Dobiveni
rezultati grupirani su prema mjernim uredajima i metodama u 143 mjerna postupka koji su
koriSteni za mjerenje 22 analita: glukoza, ureja, kreatinin, bilirubin, urati, natrij, kalij, kloridi,
kalcij, ukupni kolesterol, trigliceridi, HDL-kolesterol, AST, ALT, AP, GGT, CK, LDH,
amilaze, zeljezo i ukupni proteini. Procjena statisticki znaCajnih razlika izmedu rezultata
mjerenja kontrolnih uzoraka i uzoraka seruma provedena je analizom varijance (ANOVA).
Kako bi se omogucila analiza velikog broja uzoraka i MP, predloZena je i razvijena nova
metoda, tzv. metoda laznog odstupanja (engl. false flagging method), kojom se prosuduje
komutabilnost kontrolnih uzoraka. Metoda se temelji na odredivanju najveéeg dopustenog
udjela odstupanja u prolaznosti laboratorija na kontrolnim uzorcima u usporedbi s udjelom
prolaznosti na uzorcima seruma. Rezultati prolaznosti laboratorija prema zadanim ciljevima
kvalitete za svaki analit usporedivani su za svaku vrstu uzorka u pojedinom ciklusu distribucije
(kontrolni uzorak i serum).

Rezultati: KoriStenjem regresijske analize, sva tri kontrolna uzorka pokazala su komutabilnost
za ispitivane parove mjernih postupaka koji se koriste za mjerenje kalija, natrija, GGT, AST i
triglicerida. Nekomutabilnost je dokazana za kolesterol, HDL-kolesterol i glukozu u sva tri
kontrolna uzorka te kloride u kontrolama normalnog i kreatinina visokog koncentracijskog
raspona ispitivanog analita. Nekomutabilnost kontrolnog uzorka C3/2016 dokazana je za
vecinu usporedbi izmedu parova mjernih postupaka za ALT. Kako bi se utvrdila statisticki
znacajna razlika izmedu mjerenja dobivenih na kontrolnim uzorcima i uzorcima seruma u istoj
seriji na uredaju, u okviru vanjske procjene kvalitete medicinsko-biokemijskih laboratorija,
usporedivani su rezultati mjerenja obje vrste uzoraka analizom varijance. Dobiveni rezultati
upucuju na postojanje statisticki znacajnih odstupanja izmedu kontrolnih uzoraka i uzoraka
seruma za 22 — 36,1% parova mjernih postupaka ovisno o vrsti kontrole. Sve tri kontrole
pokazuju komutabilnost za kalcij, CK, proteine i ureju, a nekomutabilnost za vecinu
kombinacija mjernih postupaka za mjerenje klorida i HDL-kolesterola. Primjenom nove
predlozene metode za prosudbu komutabilnosti kontrolnih uzoraka, kontrolni uzorci
prosudivani su prema postavljenim analitickim ciljevima kvalitete za svaki analit. Metodom

laznog odstupanja ispitana je komutabilnost kontrolnih uzoraka za 22 analita i 331-426 parova



mjernih postupka koji se koriste u rutinskom radu laboratorija. Sva tri kontrolna uzorka
pokazuju komutabilnost za ve¢inu kombinacija mjernih postupaka za mjerenje amilaze, AST,
CK, glukoze, zeljeza, LDH, fosfata, kalija, natrija, proteina, triglicerida, urata i ureje.
Nekomutabilnost sva tri kontrolna uzorka dokazana je za kloride, te HDL-kolesterol, AP,
kreatinin i kalcij u dvije kontrole. Sveukupno, kontrolni uzorci Seronorm Human (C1/2016 i
C2/2016) proizvodaca SERO pokazuju veéi ukupni postotak komutabilnosti za ispitivane
analite i mjerne postupke (83,1% 1 87,6%) od kontrolnog uzorka C3/2016 proizvodaca Fortress
Diagnostics (76,1%).

Zakljudci: Postupak regresijske analize za procjenu komutabilnosti kontrolnih uzoraka koji se
koriste u programima vanjske procjene kvalitete, organizacijski je i financijski zahtjevan zbog
velikog broja analita koje treba ispitati za sve mjerne postupke koji se rutinski provode u
medicinsko-biokemijskim laboratorijima. Osim toga, kriteriji prosudbe komutabilnosti koji se
koriste u regresijskoj analizi ovise o statistickim znacajkama dobivenih rezultata i razli¢iti su
za svaku ispitivanu kombinaciju mjernih postupaka. Primjenom metode laznog odstupanja
istovremenom analizom kontrolnog uzorka i uzorka svjezeg seruma na velikom broju mjernih
postupaka, moguca je prosudba komutabilnosti kontrolnih uzoraka u okviru sheme vanjske
procjene kvalitete. Utvrdivanjem najveceg dopustenog udjela laznog odstupanja rezultata
mjerenja kontrolnog uzorka od rezultata mjerenja na uzorku seruma, komutabilnost kontrolnih
uzoraka prosuduje se na temelju razlike udjela prolaznosti laboratorija na dvije vrste uzoraka.
Ukoliko je udio prolaznosti laboratorija znacajno razlicit na kontrolnim uzorcima u usporedbi
s uzorcima seruma, potvrduje se razli¢ito ponasanje kontrolnih uzoraka od uzorka seruma na
istim mjernim postupcima, odnosno nekomutabilnost kontrolnih uzoraka. Ovim postupkom su
kriteriji prosudbe jednoznacni za sve parove mjernih postupaka, omogucavajuéi prosudbu
klinicke 1/ili analiticke jednakovrijednosti kontrolnih uzoraka prema dijagnostiCkim
znacajkama samog analita. Metoda laZznog odstupanja predloZena u ovom radu predstavlja novi
pristup u prosudbi komutabilnosti i moZe se primijeniti istovremeno za veliki broj analita i

mjernih postupaka u okviru vanjske procjene kvalitete medicinsko-biokemijskih laboratorija.

Kljuéne rijeci: komutabilnost, vanjska procjena kvalitete, metoda laznog odstupanja
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1. INTRODUCTION

Laboratory diagnostics plays an important role in overall patient management and is often
included in diagnosis, follow-up and treatment of various diseases (1). The number and the
variety of laboratory tests performed in medical biochemical laboratories increases over time
and the results obtained in the laboratory regularly serve as a basis for clinical decision making.
In order to meet high standards regarding patient safety and medical care, quality management
of the total testing process (TTP) became an indispensable part of laboratory medicine (2,3).

The purpose of laboratory quality management is validation, implementation and monitoring
of all pre-analytical, analytical and post-analytical processes in the laboratory, thus identifying
key quality indicators to be evaluated and very often improved over time. Assessment of
laboratory performance and quality of total TTP is usually validated through guidelines and
regulations provided by national and international regulatory bodies, such as Clinical
Laboratory Improvement Amendments (CLIA), Guideline of the German Medical Association
on Quality Assurance in Medical Laboratory Examinations (RiliBAK), Croatian Chamber of
Medical Biochemists (CCMB) and ISO 15189:2012 (4-7).

Quality assessment of the analytical part of TTP relies mainly on data from internal quality
controls (IQC) and external quality assessment (EQA) programs. In addition to the validation
and/or verification of the measurement procedures (MPs) used in medical biochemical
laboratories (MBL) and regular performing of IQC, participation is EQA programs is nowadays
an “integrated professional activity of medical laboratories”, providing quality assessment and
bases for improving activities ensuring high-quality standards in medical care for the patients

(8,9).



1.1 External quality assessment

1.1.1 General aspects

External quality assessment (EQA) was recognised more than half a century ago as a tool to
recognise methods with poor performance in an interlaboratory comparison survey described
by Belk and Sunderman in 1947 (10). Initially conducted only for several analytes, the EQA
evolved in forthcoming years in a number of surveys and scope and was recognised by
professionals as an essential component of quality management. The term external quality
assessment is used to describe the method or process that allows comparison of laboratory’s
testing to that of a source outside the laboratory — peer group of laboratories or reference
laboratory (11). The term is very often used interchangeably with proficiency testing (PT),
however, EQA usually implies broader spectrum of quality assessment, including educational,
supportive and structured approach towards improvement in laboratory performance (12,13).
Although traditionally addressing analytical quality, EQA can be applied to other aspects of
total testing, both pre-analytical and post-analytical processes (14—16). Participation in an EQA
program provides objective assessment and information on performance and quality of results
delivered to patients and physicians. It helps to monitor individual laboratory performance over
time, identifying problems in analytical and extra-analytical processes, gives information on
the suitability of diagnostic systems, the accountability and competence of the laboratory staff
and indicates areas that need improvement (17,18). In terms of analytical performance, it
provides information on the reliability of applied methods and equipment as well as the validity
of uncertainty claims. Over time, participation in EQA program can lead to an improvement in
the quality of laboratory performance, assuming monitoring and root causes of any discrepancy
in EQA result are properly addressed and actions toward improvement taken (19,20). The
information from EQA reports can be used to reduce the bias of the methods, confirm the
quality of results and increase the confidence in laboratory performance (21). It also serves as
a compliance proof for a laboratory’s ability to meet aimed quality standards, often the subject

of close inspection from various regulatory and accreditation bodies.



1.1.2 Harmonisation and standardisation in laboratory medicine

In addition to individual laboratory evaluation, EQA has a central role in monitoring and
promoting global initiatives towards standardisation and harmonisation of laboratory results
(21-23). Comparable, or harmonised, test results across different measurement systems,
laboratories, time and locations becomes an important activity of scientific and professional
community (24,25). The underlying reason for all harmonisation efforts is an overall benefit
for patients who are often diagnosed and treated across different medical facilities, even health
care systems, where the results from the laboratories are shared between those. In such
perspective, test results must be harmonised or equivalent between laboratories allowing the
use of same evidence-based clinical guidelines, reference intervals and decision levels in
interpreting results. For example, using internationally accepted guidelines such as Kidney
Disease Improvement Global Outcomes (KDIGO) guidelines for the diagnosis and
management of chronic kidney disease is valid only if the results for creatinine from the patient
laboratory are comparable to the results of laboratories used in the clinical studies (14,26). In
addition, harmonisation of test results also raises the level of confidence in laboratory
diagnostics and diminishes confusion of both doctors and patients. As Plebani (27) observed
in terms of present differences in measurement and cut-off limits for troponins in acute
myocardial infarction, it should be possible to diagnose acute myocardial infarction
irrespective of the choice of analyte (cardiac troponin I or cardiac troponin T) and analyser.

A very important aspect of harmonisation in consolidation and networking is the benefit of
sharing patient results by a wide range of users across different levels of the healthcare system,
often as a part of patient’s electronic record (28,29). The need for harmonisation goes even
beyond methods and analytes, and includes all parts of TTP (27,30).

Harmonisation in measurements from different analytical systems is commonly achieved
through standardisation and traceability of all procedures to a higher-order reference system
(31-33). Reference materials (RMs) are defined in ISO documents as materials, sufficiently
homogenous and stable with respect to one or more specified properties, which have been
established to be fit for their intended use in a measurement process (34). Although closely
linked and often used interchangeably, harmonisation and standardisation refer to two distinct
concepts in metrology principles. Standardisation implies traceability of results reported in SI
units (Systéme International Units, SI) to higher-order RMs and/or methods, whereas

harmonisation means consistency, or comparability of measurement results (24,27).



Comparability in measurement results can be achieved by standardisation for defined chemical
entities, traceable to SI units. For heterogeneous, complex analytes not directly traceable to SI
units, where neither higher order primary RM and/or method exist, harmonisation can be
achieved either by consensus traceability to some reference or comparison between methods
following mathematical corrections (24,35,36). For example, pursuing harmonisation trough
standardisation is possible for rather “simple” analytes such as glucose, electrolytes or
cholesterol, but challenging for complex heterogeneous analytes such as troponins, tumour
markers and many others. It however has to be noticed, that although in a minority, those
“simple” analytes represent the most commonly requested tests in medical biochemical
laboratories (22).

A very important step in implementing standardisation as a principal method in achieving
harmonisation of measurement results is enforcement of the In Vitro Diagnostic Directive
(IVDD) (33) from 1998 which requires manufacturers of diagnostic devices with CE
(Conformité Européene) mark to provide traceability for assays and calibrators. Basic concepts
and procedures are further defined and specified in ISO 17511:2003 (37). The calibration

transfer protocol, as described in ISO 17511, is presented in Figure 1.
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Primary calibrator measurement procedure Metrology institute/
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Figure 1. Calibration transfer protocols for cases with primary reference MPs and primary calibrators
giving metrological traceability to SI. Abbreviations: ARML, Accredited reference measurement
laboratory; BIPM, Bureau International des Poids et Mesures; CGMIP, Conférence Générale des Poids
et Mesures; ML, Manufacturer’s laboratory; NMI, National Metrology Institute; uc (y), uncertainty.
(Modified according to reference 37.)



It can be seen that primary RM can be prepared from chemically pure substance using primary
reference procedure such as gravimetry. Such material further serves as a calibrator for
secondary reference MP, which, in turn, is used to assign a true value to secondary RM used
by manufacturers. It should be noted here that the secondary reference procedure is insensitive
to matrix differences between its calibrator and secondary reference calibrator to be used by
manufacturers of instruments and/or reagents. On this level, after being calibrated by secondary
reference calibrator, manufacturers usually assign a value to their working calibrator or master
calibrator. It further serves as a calibrator for end-users MPs in MBLs. Each of these steps in
hierarchically organised traceability chain has its measurement uncertainty, resulting in a
combined overall uncertainty of the end-user’s calibrators and patient results. Measurements
of cholesterol and HbAic are examples of successful standardisation processes with
consequential clinical impact (38). However, even standardisation and traceability to higher-
order reference systems must be monitored and acceptable measurements uncertainties fit for
clinical use have to be defined (39,40). Otherwise, the theoretical benefit of the whole
traceability process might be absent, resulting in the poor harmonisation of results due to
different types of metrological chains used by manufacturers with large “grey zones” regarding
acceptable measurement uncertainties across the traceability protocol (41,42). Achieving
harmonisation is a global activity that needs active involvement from all stakeholders, i.e.
metrologists, international standards organisations, IVD method manufacturers,
regulation/accreditation bodies, EQA providers and medical biochemical laboratories (43). In
those terms, EQA is recognised as an important and powerful tool in monitoring and supporting
harmonisation and standardisation in laboratory medicine (14,22,31). In order to support
worldwide comparability and harmonisation, the Joint Committee for Traceability in
Laboratory Medicine (JCTLM) was formed as an international committee in 2002 by Bureau
International des Poids et Mesures (BIPM), International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC) and International Laboratory Accreditation Cooperation
(ILAC), bringing together governmental organisations, clinical laboratory professionals and
the IVD industry (44). JCTLM recognised three pillars in standardisation and metrological
traceability: higher-order RMs, higher-order reference methods and accredited reference
laboratory services. In addition to forming the web-based database of higher-order materials,
methods and reference laboratory services, JCTLM promotes and actively encourages all
traceability concepts in agreement with internationally accepted standards, recognises and
objectively evaluates new materials and methods and provides educational material for all

stakeholders involved (45,46). In addition to the three pillars identified by JCTLM, laboratory
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professionals identified three more: universal reference intervals and medical decision levels,
EQA programs using commutable samples with reference method target values, and limits for
uncertainty and error of measurement fit for clinical use (23,39,40,47,48). EQA is thus
recognised as an indispensable tool in verifying performance and the quality standard achieved
in a participating laboratory, but also in monitoring and promoting metrological traceability,

standardisation and harmonisation of laboratory results.

1.1.3 Principal characteristics of the EQA program and survey design

An EQA program can be organised in a national, international or regional level depending
on the participating laboratories and the demands of various governmental, healthcare or
professional agencies. Furthermore, the various EQA programs differ significantly in terms of
the organisation; the scope of the program (analytical, pre-analytical and post-analytical phase
of laboratory work), variety of tests offered, number of EQA surveys per year, the obligation
of participation in the program, evaluation particularities, etc. In order to meet the intended use
of the EQA in quality improvement and education, EQA providers share the knowledge and
cooperate to constantly improve their service to participants and are often governed, even
evaluated according to various international guidelines and standards (11,17,49,50).

The usual EQA survey is conducted by sending a set of samples with an unknown
concentration of one or many analytes to participating laboratories, together with instructions
on proper handling, preparing and analysing the samples (Figure 2). According to given
instructions, participating laboratories perform the analysis of received samples as if they were
patient samples and send the results back to scheme organiser. The scheme organiser collects
and evaluates data sent from participants to create EQA reports, important feedback tool for
laboratories. The reports should be understandable and comprehensive, containing information
on assigned values and analytical performance specifications for specific measurand, supported
by the graphical presentation of laboratory’s results compared to the results of other
laboratories (51). The reports usually contain the evaluation analysis on laboratory
performance, as well as the method and/or instrument performance based on the results from
many laboratories. Every laboratory is expected and encouraged to follow up any inconsistency
or unacceptable EQA result, find a root cause to inconsistency or unacceptable result, take

corrective actions and document changes (13,52). Many schemes provide a graphical
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presentation of laboratory performance over time, thus enabling laboratories to follow up the
quality of their laboratory procedures and evaluate new trends in terms of deterioration or

improvement observed.

/ EQA organiser\ / Laboratory \

EQA S Analysis
samples !
Statistigal , Results
analysis .
Laboratory

K EQA report Yj—( Evaluation

Figure 2.The flowchart of an EQA survey.

1.1.4 Interpretation of results within the EQA program: analytical

performance specifications and target values

Analytical performance specifications. The key elements in results evaluation within
the EQA program are target values and acceptance limits around those values, or analytical
performance specifications for the measurand. Analytical performance specifications should
be defined prior to result analysis and criteria or rationale for their setting must be clear to
participants. This way the laboratories can have confidence in the scheme and are informed on
the quality level needed or achieved in EQA (51,53,54). Analytical performance specifications
differ largely in various EQA schemes and it is quite possible that individual result or quality

level achieved in the laboratory might be considered differently by these schemes in terms of



fulfilling appropriate quality standards (14,55). The terminology used to describe allowed
deviations from the assigned values is also different throughout literature and EQA programs,
referred to as Analytical Performance Specifications, Allowable Limits of Performance,
Acceptability Limits, and Quality Goals. The term Analytical Performance Specifications
(APS) is preferred and adopted by European Federation of Clinical Chemistry and Laboratory
Medicine (EFLM), Task and Finish Group on Performance Specifications for EQAS (TFG-
APSEQA) to be in the line of the terminology used in Milan strategic conference on analytical
performance goals in 2014 (56). The Milan conference was a follow-up conference held by
EFLM to revise the original hierarchy of APS established in Stockholm (57). The structured
approach criteria in setting APS in laboratory medicine originally proposed in so-called
Stockholm criteria is somewhat shortened and simplified in Milan, and three models for

establishing APS were suggested (Table 1).

Table 1.Recommended models in setting analytical performance specifications

Model Bases on which different models for APS are set

1 Effects of test performance on clinical outcome
Direct outcome studies — investigating the impact of the performance of the test on
clinical outcome
Indirect outcome studies — investigating the impact of the performance of the test
on clinical classification or decision

2 Components of biological variation of the measurand

3 State-of-the-art of the measurement — the highest level of analytical performance
technically achievable

Hierarchically organised, the criteria are based on the clinical outcome, components of
biological variation and state-of-the-art. The preferred model for setting APS is a model based
on the expected effect on clinical outcome, coming from direct or indirect clinical studies.
Although this model is set on the top of the hierarchy, clear evidence by randomised control
trials on the effect of established APS on clinical outcome is still lacking (58). However,
outcome-related studies reflect the clinical needs of patients and should be encouraged. The
model based on components of biological variation is the most widely used model in
establishing APS. The database of desirable, minimum and maximum quality specifications is
hosted at http://www.westgard.com and future updates are set to be handled by EFLM (59,60).
The third model, the model based on the state-of-the-art, is the highest level that can be
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achieved using current technology. Although the models are distinct in their basic principle,
they can be used simultaneously, for example, a state-of-the-art model can be chosen to set
desirable, optimal or minimal criteria from the biological variation of specific measurands (61).
Criteria for assigning measurands to different models largely depend on the role of the
measurand in a clinical setting (diagnosis, monitoring) and the ability of IVD industry and
laboratories to meet different levels of quality (62). Furthermore, the level of quality depends
on the expected response by participants to failure, and can be set by EQA scheme as passable
or satisfactory (favoured approach for regulatory requirements), favourable (where further
improvement is not needed) and aspirational (aiming at improving quality or performance)
(53).

Target values. The target value is another key element when assessing individual
performance through the EQA program since every result is compared to that particular value.
In order to evaluate laboratory performance, results are usually presented as the difference
between laboratory result and the target value (D-score), expressed as a percentage, thus
allowing comparison with established APS (17). Following this criterion, and regardless of the
choice or rationale used for setting APS, a laboratory result is ‘flagged’ if the relative deviation
from target value exceeds allowed APS.

Z-scores are also commonly used through EQA for evaluation of the individual result. They
are the difference between the laboratory result and target value corrected for variability (51).
The Z-score is sometimes referred as statistically-based acceptance criterion, where scores with
an absolute value below 2 are considered as acceptable, between 2 — 3 questionable (“warning
signal”) and Z-scores greater than 3 are considered unacceptable (13,17). Very often, the
performance is evaluated by a combination of performance scores, supported by a graphical
presentation of results and interpretative comments from the EQA provider to sustain the
educational role of EQA.

The example of one EQA evaluation report for individual laboratory and analyte is given in
Figure 3. It shows the participant’s results of the iron analysis in two EQA samples. The top
two graphs present the histograms of all data submitted with the laboratory’s method group
separated from all groups with a different colour. The result reported by the laboratory is
presented with a red dot on the histogram and numerically underneath the graph, together with
the percentage deviation from the target value (Xt). The statistical analysis of the laboratory’s
method group and all results submitted are shown below the histograms. The graphs on the
bottom present current and the previous results with the green-shaded area of acceptance limits

in percentage (bottom left) and absolute (bottom right) deviations from the target value. These
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graphs show the laboratory performance over a longer period of time and can be used to detect

any long-term bias.
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Figure 3. Laboratory EQA report for iron analysis in two control samples. Xr - assigned target value;
X — consensus mean value; s — standard deviation; SEM — standard error of the mean; CV% - coefficient
of variation, n — number of reported results, Diff% - percentage deviation from assigned target value,
Diff. mmol/l — absolute deviation from assigned target value. Dark blue bars in the histogram represent
the results from the laboratory’s (own) peer group and light-blue rectangles represent all results. Green-
shaded areas in the bottom two graphs represent the acceptance limits in percentages deviations and z-
scores (bottom left) and absolute deviations from target value (bottom right). The results from the
current EQA survey are presented with red dots and the results from the previous surveys with black
dots. The grey dots indicate the laboratory’s peer group consensus mean.
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The choice of the target value is very important when assessing the distance of received
results from the target value and in calculating various performance scores, like D-score or Z-
score. EQA organizers have used two types of target values: consensus target values and
assigned target values. The essential difference is that consensus values are derived from
reported results and are determined using statistical calculations for estimation of a central
value, whereas assigned target values are known to EQA organizers beforehand and are not
dependent on participants’ results. Consensus values can be calculated from all participants in
a homogenous population, assuming correct use of statistical techniques and methods to solve
major issues that might jeopardize correct statistical evaluation such as the exclusion of
outliers, bimodality and skewness (51,63). The commonly used consensus target values are
robust estimators of a central value, such as median and “all method trimmed mean”, mostly
depending on the particular choice of the EQA organizer (50,64). The consensus value can be
also derived from results obtained from “best performing laboratories” or few laboratories
chosen by EQA organizer. The assigned target value is ideally obtained by analysing the EQA
samples in a reference laboratory using the reference method. The list of such laboratories and
services is provided by JCTLM in order to support traceability and standardization of MPs to
higher-order RMs. The reference value in some EQA programs is assured using a transfer
protocol by which selected laboratories are measuring both certified RM and EQA sample, and
the target value is determined after correction of observed bias from RM (65). EQA programs
with target values assigned by reference methods and materials allow accuracy-based
evaluation of both laboratories and MPs on the market. In order to fit for that purpose,
commutability of EQA samples must be validated to ensure that the difference from the
assigned target value is caused by calibration bias rather than matrix-related bias (52,66). When
commutability is not assessed or reference MPs are not available, the choice of the target values
is restricted to consensus target values in peer-groups which are expected to have the same
result for particular EQA sample (67). Hence, besides the availability of applicable references,
it is the quality and characteristics of EQA samples that mainly determine the choice of target

values and evaluation capabilities of EQA (23,52,68)
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1.1.5 The characteristics of EQA samples

EQA samples can be prepared by EQA organizers or acquired from an external source,
usually commercial suppliers of control materials. Regardless of the source of the samples,
they must be suitable for clinical use and cover the analytical range of interest, usually in the
low, “normal”, and high levels compared to the reference interval of an analyte. Furthermore,
every laboratory should get substantially equal sample material for analysis; so, homogeneity
and stability must be assured for the time samples are transported and analysed by participants.
Since the samples are only one part of an EQA program, the expenses for their preparation or
purchase have to be reasonable and affordable by participating laboratories. Above all,
considering the fact that EQA samples have to be used as routine samples, they should behave
in the same manner as patient samples in laboratory MP, i.e., they should be commutable.
Fulfilling all of those requirements is very demanding in practice, and some compromises are
usually necessary for the preparation of EQA samples. The most important characteristic of
EQA samples is commutability with patient samples, very often being contrary, or even
antagonistic to other criteria. In other words, in the pursuit of samples with acceptable stability,
concentration, price and other requirements for ideal EQA sample, commutability of control
samples is often compromised (52,69). Every intervention in authentic human samples like
spiking (supplementation with analytes), pooling, freeze-thaw cycles, lyophilisation, filtration,
etc. can lead to noncommutability with authentic patient samples. Various manufacturing
procedures cause matrix modifications, which in turn can lead to alternations of physical and
chemical properties of one or more components or introduce non-native molecules. The matrix
here is defined as the total of all components of the material except the analyte itself (37). For
example, lyophilisation irreversibly denaturates lipoproteins, causing modifications in
viscosity, turbidity, pH and surface tension (70,71). The difference from patient samples is
sometimes the result of changes in analyte rather than the matrix, like the addition of enzymes
from the non-human origin which sometimes have different properties than human enzymes
like optimal substrate and pH, the effect of inhibitors, etc. (70,72). Even minor interventions in
serum preparation like sterile filtration, storage before aliquoting and freezing may disturb the
equilibrium between protein-bound and free thyroid hormone and endanger commutability
(73).

It has been commonly agreed that minimally altered or processed off-the-clot serum samples

are likely to be commutable with patient samples, and the validity of such assumption is mostly
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based on the stringency of their preparation (52,66,69,74). Single-donation serum or pooled
serum samples may be used, due to the fact that high volumes are usually needed and the
possibility that interferents present in single-donation serum may influence commutability
(69). On the other hand, pooling the samples may introduce further interactions and complex
formation between different components in serum and thus compromise the original
characteristics of native serum samples. It has been hypothesized and further reported that
supplementation with purified simple analytes doesn’t influence the commutability of EQA
material (70,74). This assumption has to be taken with caution, since more complex analytes
may not behave in the same manner or even be obtained in highly purified forms. Every
artificial procedure and intervention applied to native clinical specimens may introduce
noncommutability of samples, causing changes in reactivity through matrix-sensitive
procedures, such that measurement characteristics are no longer representative of patient
samples. It is thus important to verify the commutability of EQA samples used to simulate
closely relevant properties of patient samples intended to be measured.

Thus, commutability with clinical patient samples is one of the most important concepts

affecting the design and interpretation of EQA programs.

1.2 Commutability

1.2.1 Definitions and description

Commutability is the property of RMs indicating the same inter-assay relationship of those
materials and authentic patient samples. RMs hereby refer to all materials used to calibrate a
MP or to assess the trueness of measurement results, including calibrators used in medical
biochemical laboratories, trueness controls and certified RMs (75). To be able to serve as
calibrator or trueness control in certain steps of metrological traceability chain, commutability
of RM has to be assessed, and fitness for the intended use established (76). The term
commutability was initially used to describe the ability of control materials to show the same

characteristics as patient samples in different MPs for enzymes, and it was later expanded to
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other analytes (77,78). Several definitions of commutability are used throughout scientific
literature and standard documents. ISO documents define commutability as the equivalence of
mathematical relationship between the results of different MPs for a RM and for the
representative samples from healthy and diseased individuals (37). The International
Vocabulary of Metrology (VIM) states that commutability is a property of RM, demonstrated
by the closeness of agreement between the relation among the measurement results for a stated
quantity in this material, obtained according to two given MPs, and the relation obtained
among the measurement results for other specified materials, further noted as routine samples
(79). Basic principles in both definitions are similar, and, translated in common language; the
commutability describes the same behaviour of RM as native patient samples in different MPs.
Although the property of a RM, commutability is in fact attributed to analyte-material-method
interaction, and a specific material can be found commutable for some analytes and methods,
and noncommutable for others. For example, RM ERM-DA470k/IFCC used as the common
calibrator for serum proteins was found commutable for all proteins except C-reactive protein
(CRP) and ceruloplasmin (80,81). Commutability of a RM goes even beyond analytes and
methods and includes even specific reagent lots interactions (82). It is thus common to evaluate
commutability of RM for specified MP, which includes method specifications, instrument and
reagents in use. Noncommutability is sometimes referred to as matrix-effect or matrix-related
bias implying the influence of the milieu of the analyte that is different from the native samples
intended to be measured by MP (83). However, the source of influence may include differences
between the analyte, intended to be measured, and measurand itself (e.g. ditauro bilirubin in
processed samples vs. conjugated bilirubin in native patient samples, enzymes of non-human
origin used to spike the control material). Therefore, the term commutability includes all the
differences in MP observed with processed samples, originating from a non-native form of the
analyte or by the matrix itself. It has to be taken into consideration that measurands have to be
clearly defined when assessing commutability. For example, the same protein can be measured
using different immunochemical MPs targeting at different epitopes, thus implying different
measurand for the same analyte. The specificity of measurement procedure towards the
measurand is an important issue in commutability assessment, and MPs found to be non-
specific towards measurand in patient samples are more likely to be the source of
noncommutability of RMs. Furthermore, if the origin of differences observed in measurement
results is clearly attributed to the influence of an endogenous substance present in abnormal

concentration (like high bilirubin concentration in samples), such difference is generally
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considered as interference, which magnitude can be further quantified in terms of the analyte

and interfering substance (84).

1.2.2 Commutability in EQA programs

Following traceability scheme presented in Figure 1, the critical step in the attempt of
standardisation and harmonisation of measurement results is the use of commutable secondary
calibrator for value assignment to MPs designed for routine use with native patient samples in
medical biochemical laboratories. The true value is assigned by the reference measurement
procedure, preferably listed in the JCTLM database. If commutability of RMs used as common
calibrators cannot be assured, then comparability, or harmonisation of MPs cannot be expected.
The clear example of non-harmonisation due to the noncommutability of RM was described
by Zengers et al. (81), on the example of observed differences in EQA results for ceruloplasmin
between commonly used nephelometric and turbidimetric methods. All methods were traceable
to RM ERM-DAA470, certified as a common calibrator for 15 serum proteins, including
ceruloplasmin. Although the use of the common calibrator for serum proteins resulted in the
reduction of biases between methods for the majority of certified proteins, the results of
ceruloplasmin showed large discrepancies between some commonly used methods. It was
further investigated and proved that the ERM-DA470 was noncommutable for several method
combinations, which resulted in large differences between ceruloplasmin measurements using
these methods. The assumption on commutability can even lead to wrong conclusions on
standardisation and applicability of MPs for patient samples, leading to even larger bias
between methods. For example, Thienpont LM et al. (68) used 14 fresh-frozen, single donation
sera to access the trueness of photometric methods for cholesterol and glucose measurement.
They found that the mean biases (+5,2% for a cholesterol-oxidase method and +3,7% for
glucose-oxidase method) were much higher than almost bias-free results observed in the EQA
program using lyophilised samples. Li et al. (85), reported the false sense of confidence in
measurement results of GGT coming from one instrument: the results obtained on lyophilised
EQA samples were comparable to other used instruments, whereas the results on patient
samples revealed the relative difference between samples from 18% to 27%. Further inspection
of the differences revealed that the EQA samples were not commutable for this instrument, and

thus cannot be compared to a target value and cannot be considered a substitute for patient
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samples. In addition, calibration with noncommutable RM may even cause non-pathological
results to change to pathological, and vice versa (68,72). Although the impact of
noncommutable RMs on measurement results is well documented, the assessment of
commutability is still not regularly performed and many RMs lack the information on
commutability (44,76). Meng et al. (86) examined the commutability of ten commercial control
materials used worldwide for triglyceride measurements and discovered that all of the materials
showed noncommutability (both positive and negative bias) in 9 out of 14 methods investigated
and used in Chinese laboratories.

The commutability of EQA samples is crucial if results from different MPs are to be
compared in the same groups and according to the true value of the analyte. In the traceability
era, it is EQA samples that serve as post-market vigilance tool for different products used in
medical biochemical laboratories and are very often the unique proof to verify the
appropriateness of manufacturers’ claims in MP (23). EQA monitoring showed on several
occasions that even despite clear regulations towards standardisation and traceability,
measurement results in native sera show inadequate standardisation and harmonisation even
for most common analytes (42,68,87). The role is also educational, because the root-cause of
observed bias has to be closely inspected, all stakeholders informed, and possible solutions
suggested to manufacturers, regulation bodies and end users. As an example, Figure 4 presents
the results for EQA evaluation of trueness of serum alkaline phosphatase (AP) measurement
on fresh-frozen serum samples in a group of Italian laboratories, where authors clearly identify
the source of recorded discrepancies in EQA results (88). Comparing the results from seven
major instrument groups coming from the four manufacturers, they observed clear
underestimation on Cobas systems (Roche Diagnostics) and overestimation of AP
measurements on AU systems (Beckman Coulter), both being outside of desirable bias for the
clinical suitability of the results. After collecting the materials and information on traceability
and uncertainty of calibrators from the manufacturers, they found that the Roche systems use
an outdated method on their instruments, and Beckman Coulter states the traceability to an
internal “master” calibrator, without traceability anchorage to higher-level RMs. Despite to
recommended standardisation approach and availability of the IFCC reference measurement
procedure, both manufacturers fail to prove compliance with recommendations, which at the

end results in poor harmonisation of measurement results for AP between laboratories.
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Figure 4. The alkaline phosphatase results for two EQA samples obtained by participants using
different measuring systems shown with different colors in a Youden plot.
(Reprinted with permission from reference 88.)

If commutability of EQA samples is not assured or accessed, the participating laboratories in
EQA program cannot be evaluated according to unique target value because the difference
observed from target value can also be attributed to noncommutability of control material. It is
not possible to determine whether any observed biases are caused by inadequate, or
noncommutable EQA samples, or genuine biases of evaluated methods. Such evaluation is
restricted to forming homogenous peer-groups of participants, usually gathered on the bases of
the manufacturer of reagents and instruments used. Peer-groups are expected to have the same
matrix-related biases for a given EQA sample, and the evaluation is restricted to the peer-
related consensus target value. Such evaluation assures participating laboratories that they use
MPs according to manufacturer’s specifications, and in agreement with other laboratories using
the same technology (52). Peer-group evaluation within EQA is still a necessity for analytes
without defined higher-order RM or method, such as lipoproteins, many hormones, tumour
markers, etc. Although EQA programs strive to use commutable EQA samples, peer-group
evaluation due to potential noncommutability of control material is still used by the majority
of providers (22,42,89).

The EQA programs are nowadays classified into 6 categories, according to evaluation

capabilities which are dependent on commutability of RMs, target value assignment by
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reference laboratory and the use of repeated samples in order to separate differences from bias
and/or imprecision of methods (Table 2) (52,90). On the top of the classification is category 1
EQA program with replicate commutable samples in one EQA survey with target values
assigned by the higher order reference method. It offers the possibility for evaluation of both
laboratories and MPs in medical biochemical laboratories, thus both standardisation
achievements and individual laboratory performance EQA programs in categories 3 and 4 also
use commutable samples, but have no value assignment by reference MPs, often due to the
lack of formally recognised reference systems. Nevertheless, they provide valuable information
on harmonisation status of laboratory measurements. Last two categories have samples that are
most likely noncommutable and are therefore restricted to peer-group evaluation without being

able to further inform participants on standardisation or harmonisation of MPs.
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Table 2. Evaluation capability of EQA related to the program design. (Reprinted with permission from
reference 52.)

Evaluation capability

Accuracy Standardisation or
Individual laboratory harmonisation
Sample Relative to
characteristics participant results Reproducibility MP calibration traceability
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1 Yes Yes Yes X X X X X X X

2 Yes Yes No X X X X X X

3 Yes No Yes X X X X X

4 Yes No No X X X X

5 No No Yes X X X

6 No No No X X
*RMP- reference measurement procedure, CRM — certified reference material, MP — measurement procedure

1.2.3 Methods for commutability assessment

Different approaches are used for assessing the commutability of RMs. The aim is to provide
an objective evaluation of numeric relationship for measurement results of examined
measurand in native patient samples and RMs. The approaches differ in the statistical analysis
used to describe the relationship, the RM under study (calibrator or control), the number of
methods for which commutability has to be assessed and the availability of reference MP for a
given measurand.

Describing and evaluating the relationship between patient samples and control materials was
initially performed using correspondence analysis (91). It is a multivariate descriptive
technique comparing relationships, or associations between studied elements (e.g. patient
samples and methods), plotted in the two-dimensional graphs. It provides a “snapshot” of all
the data in graphic plots, giving information on the strength of relationships between elements,
enabling evaluation of superimposed associations of control materials (92,93). However, it
doesn’t provide clear numerical criteria in distinguishing commutable from noncommutable

materials.
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The least-squares linear regression analysis in assessing commutability was proposed by
Eckfeldt et al. (94) and it is the most used method in validating commutability of RMs. The
protocol was initially used by College of American Pathologists (CAP) for control samples and
was further adopted and refined in a guideline EP-14 of the Clinical and Laboratory Standards
Institute (CLSI) (83). In this approach, the relationship between two MPs is obtained with
patient samples using regression analysis and two-sided 95% prediction interval for future
observations. Measurement results of RMs are further compared to the regression line and its
prediction interval. Measurements that fall into limits of 95% prediction interval defined with
patient samples are considered commutable whereas the measurements outside the limits are
defined as noncommutable (Figure 5). The regression analysis offers an objective, numeric
relationship between measurements of patient samples and processed, control samples using

two MPs.
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Figure 5. Scatter plots of measurement results of patient samples (black circles) and processed materials
(diamonds) on reference and routine MPs. The blue solid line is regression line and black dashed lines
present two-tailed 95% prediction interval defined by measurements of patient sera with both MPs. The
processed materials falling outside 95% prediction interval are considered noncommutable (red
diamonds) and materials inside these limits are commutable (green diamonds).
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Initially, ordinary linear regression (ORL) was proposed for analysis. This protocol assumed
no variability in comparative method represented on the x-axis and was thus most appropriate
for evaluating field methods with reference methods with negligible bias. Such analysis has
drawbacks for assessing commutability of EQA samples because numerous methods used in
medical biochemical laboratories cannot be considered uncertainty-free, and the conclusion on
commutability might theoretically depend on the choice of corresponding axes for each
method. The ORL was displaced by Deming regression by some authors and in the third edition
or the CLSI document (95) due to the advantage of allowing variability of results for both x
and y-axes. In cases where the linear relationship between measurements with two methods
cannot be assured, CLSI protocol and some authors suggest the use of best fitting polynomial
regression model, with its prediction interval in validating commutability (76,83,93).

Following regression analysis, evaluation of normalised residuals was introduced by Franzini
et al. (96) for assessing commutability of control materials. In this analysis, the regression line
for two MPs is constructed using patient samples, and the distance of measurement results of
RM from the regression line is calculated. The residuals are therefore the differences between
the observed and predicted values from the regression analysis. Normalised residuals are
calculated by dividing the difference with residual standard deviation (SDyx) of patient sera.
RM is considered commutable if its normalised residual is within + 3 SDyx, as presented in
Figure 6. This protocol was used in commutability studies for many RMs and it was noted that
it is sensitive to differences in the imprecision of MPs compared, where larger imprecision
would cause wider 95% prediction interval and thus more materials to appear commutable
(72,97,98). It was suggested that the effect of imprecision can be somewhat reduced using
mean values of multiple replicate measurements in the analysis. Having to deal with numerous
methods involved in measuring HDL cholesterol in an EQA program, Baadenhuijsen et. al.
(99) described an alternate study in order to simplify the native serum acquisition needed for
regression analysis (99). This so-called twin-study design was a multicentre protocol with the
same patient samples (split-patient-sample) being shared between laboratories organized in
pairs. The pairs of laboratories were formed to achieve adequate replication and coverage of
all methods used in the EQA program. Due to the absence of unbiased reference method for
HDL cholesterol measurement, the authors used bivariate regression analysis according to
Passing and Bablok (100). It is a robust, distribution-free method that is not sensitive to outliers,
does not require constant standard deviation over the measuring range and assumes variability
in both methods under study (101). However, the prediction intervals are larger than those

coming from the procedures based on least-squares linear regression, which may result in more
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accepted control materials for commutability than an analysis based on least-squares linear
regression. Adding to a larger confidence interval using distribution-free regression analysis,
the scatter of results coming from laboratory pairs is larger, which has been seen by the authors
as an advantage since imprecision of methods and potential matrix-effect are presented to the
maximum degree. To minimize the effects of larger observed imprecision, the perpendicular
distances of RMs were normalized by expressing them as multiples of the state-of-the-art
within-laboratory SD observed in an EQA program. Using the same criteria of + 3SD being
acceptable (commutable), the authors were able to evaluate commutability of RM according to
state-of-the-art criteria of their own EQA program. Once established, the commutability is
further monitored using native spy sample with approximately the same analyte concentration.
The ratio between results obtained with EQA sample and the native sample is compared and

the significance of differences examined using a Student's t-test (23).
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Figure 6. Commutability assessment of RM (diamonds) using normalized residuals (circles) and 3 SD
limits (dashed black line). Noncommutable RMs are presented as red diamonds and commutable RM
as green diamonds.

All these analysis models adopted statistical limits to validate commutability of RMs; using

boundaries of 95% prediction interval or limits defined by a number of normalised residuals
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from the regression analysis. In the approach from Ricos et al. (102) the RM residuals were
expressed as percentage bias from predicted values and further compared by the biological
variation-based criteria for bias. In addition, the authors compared three criteria in assessing
commutability of RM in creatinine analysis: the 95% prediction interval boundaries, + 2
standardised residual criteria from Passing and Bablok regression and comparison of
percentage bias observed to fixed limits of bias. It was concluded that at high concentration
levels, all three models gave concordant results, whereas at normal and low concentrations, £2
standardised residual criteria were too permissive classifying more RM as being commutable.
The observation was explained by non-constant variability along measuring range where larger
variability can be seen with low concentration levels.

The difference in bias approach in the evaluation of EQA samples for measurements of HDL
and LDL cholesterol was further investigated by two independent groups of authors (103,104).
In both groups bias of measurements of patient samples and control samples with the associated
uncertainty of measurements was compared to fixed criteria of allowed bias from CDC’s
(Centers for Disease Control) Lipid Standardisation Program, considered as medical
requirement criteria. EQA samples validated appeared to be mostly noncommutable when
using favourable medical requirement criteria over criteria based on random error. Further
discussed, the approach offers evaluation of RM according to clinical intended use, but the
criteria seem to be too stringent considering the fact that if patient samples (commutable by
definition) were evaluated according to the same criteria, only 23% - 27% were found to be
commutable, against 83% - 87% using criteria based on random error components (104). The
authors explain that the possible explanation lies in the specimen specific effects known to be
influencing homogenous methods for HDL and LDL and the performance characteristics of
MPs under evaluation.

The assessment of commutability using fixed criteria was very recently proposed by IFCC
Working Group on Commutability IFCC-WGC) (105-107). The recommendations are divided
into three parts in order to cover many aspects of commutability: definitions and descriptions
of RMs for which commutability assessment should be used, the experimental design,
requirements for clinical samples and MPs included in design, evaluation criteria to determine
commutability for various RMs and the statistical approaches in validating commutability of
EQA samples and calibrators. The IFCC-WGC describes statistical criteria in evaluating
commutability as less desirable and does not recommend such criteria, stressing the importance
of applying equal limits for the same measurand using different MPs. This was recognised as

particularly important when comparing results of the RM on MPs with different precision
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profiles, where less precise methods would yield more materials to be commutable comparing
to the comparison of high-precision methods with consequent narrow confidence intervals. The
authors even suggest the initial assessment or precision profiles for individual MPs to verify
their appropriateness, or fitness-for-purpose in commutability evaluation protocol described.
Besides fixed commutability criterion for assessment of RMs and identification of precision of
MPs as an important factor influencing commutability outcome, the recommendations use the
separate experimental design for different RMs, i.e., calibrators and control samples. The
authors recommend that commutability criteria be chosen according to the intended use of RM;
being expressed as a fraction of uncertainty needed for calibrators to be used in traceability
hierarchy producing allowable bias in clinical samples or expressed as a fraction of bias
component of the APS in EQA control samples evaluation.

Experimental design for assessing commutability of control samples includes measuring
clinical samples and control samples using all MPs included in commutability assessment. The
difference in bias between an RM and average bias of clinical samples is determined, the
uncertainty of that difference calculated (and multiplied by suitable coverage factor, usually
1.96 for 95% level of significance), and compared to previously established “allowable bias”
or commutability criterion range. Thus, an important part of commutability assessment is not
only the average difference in bias observed for RM and clinical samples, but also the
uncertainty of that bias, which has to fit in the commutability criterion for the control sample
to be considered commutable. The uncertainty in bias has two components: uncertainty of the
estimated bias for clinical samples and uncertainty of the estimated bias for RM, resulting in
total uncertainty, or error bars (Figure 7) around the average difference of RM and clinical
samples. In order to be able to estimate these uncertainties, evaluate precision profiles and
sample-specific effects for MPs under study, assuring constant scatter across the concentration
interval, at least 30 clinical samples should be measured in triplicate measurements. The
uncertainty of estimated bias from clinical samples is calculated using pooled standard
deviations from replicate measurements, after checking that the bias change from consecutive
measurements is relatively small. If the constant width of the scatter cannot be observed, the
transformation of the data should be used to assure approximately constant bias along the
concentration range. The uncertainty of difference in bias for RM consists of pooled standard
deviations of replicate measurements (at least three) and position effects (at least five). Because
the random effects may have a significant influence on commutability decision, the IFCC-
WGC suggests that methods should be evaluated and pre-qualified for commutability

assessment experiment, where only methods with adequate precision should be used.
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Figure 7 presents the example of commutability assessment recommended by IFCC-WGC

on two combinations of MPs using fixed criteria for commutability assessment. Due to the fact

that the difference in bias was not constant over the concentration range, the data were

transformed to In(concentration) to give a constant scatter.
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Figure 7.An example of commutability assessment based on the difference in bias between results for
clinical samples (black diamonds) and 5 RMs (red squares) of MPs y and x (A) and z and x (B). The
ordinates of the two graphs show the biases for logarithmic (In) transformation of concentration
compared to the mean concentration of samples (on the abscissa) on two measurements procedures.

(Reprinted with permission from reference 106.)

The results for methods y and x (Figure 7A) show small random error (satisfactory precision)

and sample-specific influences whereas the results for the method z and x (Figure 7B) are more
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scattered, suggesting less precision for method z and thus wider uncertainty limits of observed
bias. RM1, RM3 and RM5 are commutable and RM2 and RM4 are noncommutable for the
method combinations y and x. Due to the larger random effects and thus larger uncertainty of
observed bias, only RM3 is commutable for method combinations x and z. Commutability of
RM1, RM2, and RM5 remains inconclusive because the error bars of those materials span
outside the fixed commutability criterion.

IFCC-WGC recommends the assessment of commutability of calibrators by means of their
ability to serve as a tool for successful harmonisation of clinical samples’ measurement results
using different MPs. Although random and sample-specific effects between MPs can cause
different results for clinical samples, the cause of the difference can also be the bias between
MPs. The causes for bias are all connected to calibration procedure, and possible sources are
an inappropriate model for the calibration curve, incorrect values of the calibrators, and a
difference in behavior between calibrator and clinical samples in MPs (different response for
the same concentration), or noncommutability of the calibrator for those MPs. The bias caused
by calibration with noncommutable calibrator can be reduced with the use of same,
commutable calibrator for all MP used for measuring clinical samples. As the IFCC-WGC
recommends, after initial evaluation of between-measurements differences for clinical
samples, the recalibration with the calibrator under evaluation for commutability is performed,
and the resultant differences between means for the methods are compared to previously
established commutability criterion. If the observed differences are significant after the
recalibration in a way to fit-in to allowed bias between methods, the calibrator is considered
commutable. If such reduction in bias cannot be observed, the commutability cannot be
confirmed, and other sources of calibration bias must be investigated prior to concluding on its
commutability, such as high imprecision of the method, a poor fitting mathematical model for
the calibration curve, individual sample-specific interferences and others. Figure 8 shows the
recalibration effects of evaluated calibrator between 7 MPs. The between-methods differences
for clinical samples are significantly reduced after recalibration of all MPs except for the MP6.
Since the differences for the clinical samples measured using MP 1-5 and MP7 after
recalibration falls into commutability criterion of < 6%, the calibrator is considered
commutable for those MPs. The commutability of calibrator MP6 cannot be confirmed and the
manufacturer should be notified of such a conclusion.

The analysis of commutability according to fixed, previously established criteria according
to the intended use of RM, seem to provide an objective assessment of commutability in various

MPs. Using such criteria, commutability of the control samples should be assessed using a
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commutability criterion that would be only a fraction of APS in the EQA scheme, although this
fraction remains undefined. Furthermore, the strict prerequisites for adequate precision of
methods to be evaluated potentially leave out many MPs used by laboratories. In addition, the
random effects observed for clinical samples may still be very different for MPs under
evaluation and yield larger uncertainties of the observed bias causing more materials to appear

inconclusive or noncommutable.
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Figure 8. Difference in percent from the target value (trimmed mean) for 40 clinical specimens from 7
MPs prior to recalibration (top graph) and after recalibration (bottom graph) with evaluated calibrator.
The color of each dot is representative for the corresponding measurement procedure. Sample ID —
Sample identification, MP 1-7 — measurement procedure 1-7. (Reprinted with permission from
reference 107.)
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Since the recommendations from the IFCC-WGC were just recently published, there are still
no published data on the application (or use) of fixed criteria in the assessment of
commutability of control samples used in EQA. It remains to be seen whether demanding
economic and logistic experiment design will yield the expected benefit for both participant
laboratories and EQA providers in evaluating the control materials to be used for

interlaboratory comparison and trueness assessment.
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2. AIM OF RESEARCH

Aims of this research are:

Assessment of commutability of EQA control samples for most common biochemical
tests measured in medical biochemical laboratories using statistical models for
comparison and evaluation of the significance of observed differences between
measurements obtained on serum samples and lyophilised control samples, both
analysed in an EQA setting.

Establishment of the new commutability evaluation approach, i.e. false flagging
method:

0 Establishment of commutability limits as a maximum allowable rate of falsely
flagging laboratories and MPs based on the results obtained on serum and
control samples used in the EQA program,;

0 Evaluation of commutability limits for control samples using APS criteria and
intended use of control samples for assessment of laboratory and MP’s
performance;

0 Validation of commutability limits on EQA results of CROQALM for most
common biochemical tests (ALT, AP, AMY, AST, calcium, chloride, total
cholesterol, CK, creatinine, GGT, glucose, HDL cholesterol, iron, LDH,
phosphate, potassium, proteins, sodium, bilirubin, triglycerides, urate and urea).

Evaluation of commutability according to regression analysis recommended by widely
used CLSI document EP14 for glucose, cholesterol, triglycerides, HDL cholesterol,
urea, creatinine, sodium, potassium, chloride, AST, ALT and GGT on some of the most
used instruments in CROQALM.

Comparison of the regression analysis (CLSI document EP14) with the proposed false
flagging method in commutability evaluation of EQA control samples.

Assessment of advantages and disadvantages of the newly proposed false flagging

method for commutability testing of control samples in the EQA program.
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3. MATERIALS AND METHODS

3.1 Materials

Materials used in commutability evaluation include native, off-the-clot serum samples from
voluntary donors, native serum samples from voluntary donors spiked with glucose, urea,
sodium, potassium, chloride, bilirubin, copper and residual patient serum samples collected

after routine analysis in the medical biochemical laboratory.

3.1.1 Native serum samples

Blood was collected at the Croatian Institute for Transfusion Medicine, Zagreb, Croatia,
from voluntary donors. In order to be eligible for blood donation and this study, all blood
donors had to meet the mandatory criteria stated in the Law on Blood and Blood Components
(108), and no other additional criteria were required. All voluntary donors agreed and signed
the informed consent prior to donation. A volume of 450 ml of blood was collected under sterile
conditions in plastic bags without anticoagulant added and later used as starting material for
EQA native serum samples. After 2-3 hours of spontaneous clotting, the blood was centrifuged,
and off-the-clot serum collected in a second plastic bag. Centrifugation and serum collecting
step was repeated to eliminate visible fibrin and residual cells from the material. The serum is
tested and found negative for HCV RNA, HIV 1/2 HBV DNA, HIV Ag, anti-HIV 1/2, anti
HCV, HBsAg and anti TP. The yield of the serum was about 170-190 mL, depending on the
dose and clotting time. Native serum from two donors was mixed in a sterile plastic bag for
one hour. The serum is further aliquoted in 205 sterile plastic tubes and stored at +4°C prior to

shipment.
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3.1.2 Spiked serum samples

To achieve a high level of particular measurands, appropriate amounts of native serum in the

second and third EQA surveys were spiked with the following solutions:

Glucose solution (1 M), prepared by dissolving 18.02 g of D-(+)-glucose anhydrous
(Claro-Prom, Zagreb, Croatia) in sterile deionised water (100 mL stock solution).
Urea solution (1 M), prepared by dissolving 6.0 g of urea (Merck KGaA, Darmstadt,
Germany) in sterile deionised water (100 mL stock solution).

Solution of NaCl (1 M), prepared by dissolving 5.84 g NaCl (Merck KGaA, Darmstadt,
Germany) in sterile deionised water (100 mL stock solution).

Bilirubin solution (6.3 mM), prepared by dissolving 0.37 g bilirubin (Merck KGaA,
Darmstadt, Germany) in the mixture of 2.0 mL 0,1M Na:COs (Merck KGaA,
Darmstadt, Germany) and 1.5 mL 0,1 M NaOH (Merck KGaA, Darmstadt, Germany)
and then (subsequently, then) reconstituted in sterile deionised water (100 mL stock
solution). The stock solution was stored in dark, protected from light.

Conjugated bilirubin solution (2.85 mM, 5 mL), prepared by dissolving 12.0 mg of
bilirubin conjugate, ditaurate, disodium salt (Merck KGaA, Darmstadt, Germany) in
5.0 mL of sterile deionised water. The stock solution was stored in dark, protected from
light.

Magnesium standard (41.1 mM) (Perkin Elmer, Waltham, MA, USA).

Cu standard (15.74 mM) (Perkin Elmer, Waltham, MA, USA).

KCl, infusion concentrate (1M) (Croatian Institute for Transfusion Medicine, Zagreb,

Croatia)

Spiking solution for the second EQA survey. The solution is prepared from stock solutions by
mixing 2.0 mL 1 M glucose, 2.0 mL 1M urea, 4.0 mL 1M NaCl, 8 mL 6.3 mM bilirubin, 2.0
mL Mg, and 0.2 mL Cu solutions (total volume 18.2 mL).

EQA samples for the second survey were prepared by adding 18.2 mL of spiking solution to

200.0 mL of previously prepared native serum. Spiked serum was further mixed for 2 hours,

aliquoted in 205 plastic sterile tubes and stored at +4°C prior to shipment.
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Spiking solution for the third EQA survey. The solution is prepared by mixing 1.2 mL 1 M
glucose, 1.2 mL 1M urea, 1.5 mL 1M NaCl, 2 mL 2.85 mM conjugated bilirubin, 1.2 mL Mg,
and 0.1 mL KCI solutions (total volume 7.2 mL).

Serum samples for the third EQA survey were prepared from single donor blood. After
preparation, native serum was split into two volumes: 105.0 mL (V1) and 95.0 mL (V2). V1
was ready to use (native serum sample) after aliquoting in 190 sterile plastic tubes. V2 was
spiked with spiking solution for the third survey, and then mixed for two hours, aliquoted in190

plastic tubes and stored at +4°C prior to shipment (spiked serum samples).

3.1.3 Residual patient serum samples

Residual patient serum samples were collected after routine analysis in the Department of
Laboratory Diagnostics, General Hospital Pula, Croatia. The samples were collected from
patients which signed the informed consent on the use of the leftover material after routine
analysis. The blood was drawn from the antecubital vein in plastic serum tubes without
anticoagulant used. The samples were selected in a manner to meet concentration ranges

needed to be evaluated in the CLSI protocol for commutability evaluation.

3.1.4 Lyophilised commercial control samples

Three lyophilised, human-based control samples from two manufacturers were used. The
controls were named C1/2016, C2/2016 and C3/2016, according to the use in appropriate EQA
surveys (1-3):

C1/2016 (EQA survey 1): Seronorm™ Human, LOT 1412548 (SERO, Billingstad, Norway);
C2/2016 (EQA survey 2): Seronorm™ Human High, LOT 1403083 (SERO, Billingstad,
Norway);

C3/2016 (EQA survey 3): Human Assayed Control — Level 1, LOT HSNO026 (Fortress
Diagnostics, Antrim, UK).
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Control materials Seronorm™ Human from SERO (C1/2016 and C2/2016) are claimed to be
“excellent choice for laboratories seeking a commutable material for both precision and
accuracy monitoring”, whereas control material Human Assayed Control from Fortress
diagnostics has no claims on commutability.

Lyophilised control samples were distributed in the original vials. The material was dissolved
in 5.0 mL of sterile deionised water (with occasional gentle mixing by inverting the vial several
times) by participating laboratories, following written instructions. After 30 minutes, the

samples were ready for analysis.

3.2 Procedure for commutability evaluation of control samples

using regression analysis

Commutability evaluation of lyophilised commercial control samples was performed on
three occasions (December 2016, May 2017 and October 2017), according to the protocol
recommended by CLSI guideline EP14-A3 (95). The evaluation was performed on five
instruments: Roche Cobas 6000 c¢501 (Roche Diagnostics, Mannheim, Germany), Roche
Cobas Integra 400 plus (Roche Diagnostics, Mannheim, Germany), Abbott Architect c4000
(Abbot Laboratories, Chicago, IL, USA), Beckman Coulter AU 680 (Beckman Coulter, Brea,
CA, USA) and Siemens Dimension Xpand (Siemens Healthineers, Newark, DE, USA ).
Routine methods were used for analysis of 12 analytes: glucose (Hexokinase method), total
cholesterol  (Cholesterol  oxidase/peroxidase — phenol/4-aminophenazone method),
triglycerides (Glycerol phosphate oxidase/peroxidase - phenol/4-aminophenazone method),
HDL cholesterol (Homogeneous enzymatic method), urea (Urease/Glutamate dehydrogenase,
method), creatinine (Compensated Jaffe method), sodium (Indirect ISE method), potassium
(Indirect ISE method), chloride (Indirect ISE method), alanine aminotransferase (IFCC
method), aspartate aminotransferase (IFCC method), and gamma glutamyltransferase (IFCC
method). The instruments chosen for assessment are the ones that have the largest number of
participants in CROQALM scheme and are mostly homogeneous systems where both

instruments and reagents come from the same manufacturer.
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The 20 - 22 residual serum samples for each analyte group (glucose and lipids group; urea,
creatinine and electrolytes group; enzymes group) were sent wrapped in cooled packages
together with control samples to four laboratories participating in CLSI study of commutability.
All samples were transported and analysed within 24 hours of collection. For each sample and
analyte, the analysis was performed in triplicate measurements and the average of those is used
for further calculations.

The CLSI protocol was performed on three occasions to be able to assure collecting fresh
patient samples that would span the broad analytical range covering low, normal and high
levels of each analyte. Besides concentration levels, the choice of the residual patient samples
was mostly dependent on the residual volume left after routine analysis in the laboratory and
absence of any known or visible interferences (for example haemolysis, icteria and lipemia).
Due to the lack of reference MP for comparison, statistical analysis of results for each MP
(based on instrument and analytical method used) was initially performed using Deming
regression analysis, as suggested in the CLSI EP14-A3 guideline (95). The regression line was
defined with patient samples, and a 95% prediction interval for the new observations was
calculated according to the same recommendations.

Considering the number of results from patient samples that were outside of proposed 95%
prediction interval serving as a commutability criterion, the regression analysis was done
according to the previous edition of same CLSI guideline (EP-14-A2), using simple linear
regression analysis. The control samples whose results exceeded the limits of the 95%
prediction interval around the regression line calculated for the patient samples were

considered as noncommutable.

3.3 Study design of commutability evaluation of control samples

within EQA

The serum samples and control samples were analysed in three scheduled CROQALM
surveys in March, June and September 2016. The samples were shipped to participant
laboratories at ambient temperature together with written instructions on analysis details. The
laboratories were instructed to analyse the samples as soon as possible after receipt, both

lyophilised control and serum samples in the same run on the instrument, using the routine MPs
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used in the laboratory. The outline of the EQA sample analysis in each survey is shown in

Figure 9.

1st EQA * Native serum sample Laboratory
survey * Lyophilised control sample C1/2016 analysis

2nd EQA * Spiked serum sample Laboratory
survey * Lyophilised control sample C2/2016 analysis

3rd EQA * Serum (1/2 native and 1/2 spiked) — Laboratory
survey * Lyophilised control sample C3/2016 analysis

Figure 9. The course of sample analysis within CROQALM

The number of participating laboratories in each survey varied from 180 in survey 1, 182 in
survey 2, and 184 in survey 3, depending on the laboratories’ voluntary participation in the
EQA study surveys. The majority of laboratories received the samples one day after shipment
(surveys 1-3: 170/180, 170/182, 169/184, respectively) and analysed the samples promptly
upon receipt. After analysis, the laboratories entered the results through the web interface of
inlab2*QALM software for quality evaluation in laboratory medicine (IN2 Group Ltd., Zagreb,
Croatia). The laboratories chose the method, instrument and reagent that they used for
analysing the samples.

The participants were instructed to measure all the analytes from the biochemistry module of
CROQALM which includes 32 parameters, if those are in the scope of the laboratory’s routine
operation. In order to form homogeneous peer groups based on MPs used for analysis, the
results for the same method and instrument used for each analyte were grouped together. The
number of data received for analytes that were too few to include at least two MPs to be
compared across three EQA surveys, were not included in the study. The results for 22 analytes
were included in further statistical analysis: alanine aminotransferase (ALT), alkaline
phosphatase (AP), alpha amylase (AMY), aspartate aminotransferase (AST), total calcium

(calcium), chloride, total cholesterol (cholesterol), creatine kinase (CK), creatinine, gamma
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glutamyltransferase (GGT), glucose, HDL cholesterol (HDL), iron, lactate dehydrogenase
(LDH), inorganic phosphate (phosphate), potassium, sodium, total bilirubin (bilirubin), total
protein (proteins), triglyceride, urate and urea.

The results of each MP were tested for outliers using the Grubbs (109) test at a significance
level of 95%. Only MPs with 6 and more participants after outlier exclusion were included in
final MPs groups for statistical analysis.

Table 3 shows all MPs included in the commutability evaluation of control samples within
EQA. Overall, 143 MPs groups were formed based on a different combination of analytical
methods and instruments used for measurements of controls and serum samples. Depending on
the analyte, 3 to 7 different instruments were used for measurement, and considering the

methods applied to each instrument, the number of MPs varied from 3 to 9 for each analyte.

36



Table 3. MPs included in commutability study based on analytical method and instrument used for each analyte.

Analyte Method Instrument MP
Alanine IFCC Abbott Architect ¢ IFCC- BC AU
aminotransferase (37 °C, TRIS buffer, pH 7,15, L- Beckman Coulter AU IFCC-SD
(ALT) Alanine, Oxoglutarate, NADH, Roche Cobas ¢ Photometry UV-BC AU
Lactate dehydrogenase, Pyridoxal =~ Roche Cobas Integra Photometry UV-AA
phosphate) Roche Hitachi Photometry UV-RCI
Siemens Dimension Photometry UV-RCc
Photometry UV (37 °C, TRIS Photometry UV-RH
buffer, pH 7,15, L-Alanine,
Oxoglutarate, NADH, Lactate
dehydrogenase)
Alkaline IFCC Abbott Architect ¢ Beckman IFCC- AA
phosphatase (37 °C, 2-Amino-2-methyl-1- Coulter AU Horiba Pentra IFCC- BC AU
(AP) propanol, pH 7,2, 4-Nitrophenyl Roche Cobas ¢ IFCC- HP
phosphate, Zn?>*, Mg?", HEDTA)  Roche Cobas Integra Roche IFCC- RCc
Hitachi IFCC- RCI
Siemens Dimension IFCC- RH
IFCC- SD
Alpha-amylase IFCC Abbott Architect ¢ IFCC- AA
(AMY) (37 °C, HEPES, pH 7,0, 4,6- Beckman Coulter AU IFCC- BC AU
Ethylidene(G1)-4-nytrophenyl Roche Cobas ¢ IFCC-RCc
(G7)-2-maltoheptaoside, Sodium  Roche Cobas Integra IFCC- RCI
chloride, Calcium chloride, Alpha  Roche Hitachi IFCC-RH
—glucosidase) CNP-G3- SD
Photometry, CNP-G3
Aspartate IFCC Abbott Architect ¢ IFCC- BC AU
aminotransferase (37 °C, TRIS buffer, pH 7,65, L- Beckman Coulter AU IFCC- RH
(AST) aspartate, oxoglutarate, NADH, Roche Cobas ¢ IFCC- SD

Total calcium
(Calcium)

Chloride

malate dehydrogenase, Pyridoxal
phosphate)

Photometry UV

(37 °C, TRIS buffer, pH 7,65, L-
aspartate, oxoglutarate, NADH,
malate dehydrogenase)
Photometry, Arsenaso I11

Photometry, NM-BAPTA

Photometry,
cresolphthalein

Indirect ISE

Roche Cobas Integra
Roche Hitachi
Siemens Dimension

Abbott Architect ¢
Beckman Coulter AU
Roche Cobas Integra
Roche Hitachi
Siemens Dimension

Abbott Architect ¢
Beckman Coulter AU
Siemens Dimension

Photometry UV-BC AU
Photometry UV-AA
Photometry UV-RCI
Photometry UV-RCc
Photometry UV-RH

Arsenaso I1I- AA
Arsenaso I1I- BC AU
NM-BAPTA- RCI
cresolphthalein- BC AU
cresolphthalein- RCI
cresolphthalein- SD

Indirect ISE- AA
Indirect ISE- BC AU
Indirect ISE- SD
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Analyte Method Instrument MP
Total cholesterol CHOD-PAP Abbott Architect ¢ CHOD-PAP- AA
(Cholesterol) Beckman Coulter AU CHOD-PAP- BC AU
Horiba Pentra CHOD-PAP- HP
Roche Cobas ¢ CHOD-PAP- RCc
Roche Cobas Integra CHOD-PAP- RCI
Roche Hitachi CHOD-PAP- RH
Siemens Dimension CHOD-PAP- SD
Creatine kinase IFCC Abbott Architect ¢ IFCC-AA
(CK) (37 °C, Imidazole, pH 6,5, Beckman Coulter AU IFCC- BC AU
Creatine phosphate, ADP, EDTA, Roche Cobas c IFCC-RCc
Mg?*, N-aceyl-L-cysteine, AMP,  Roche Cobas Integra IFCC-RCI
P'P5-diAP, NADP, Hexokinase, Roche Hitachi IFCC-RH
Glucose-6-phosphate
dehydrogenase
Creatinine Compensated Jaffe Abbott Architect ¢ Compensated Jaffe- AA
(IDMS and NIST SRM 967 Beckman Coulter AU Compensated Jaffe- BC AU
traceable) Roche Cobas ¢ Compensated Jaffe- RCc
Roche Cobas Integra Compensated Jaffe- RCI
Enzymatic Roche Hitachi Compensated Jaffe- RH
(IDMS and NIST SRM 967 Siemens Dimension Compensated Jaffe- SD
traceable) Enzymatic- BC AU
Non-compensated Jaffe- BC
Non-compensated Jaffe AU
Non-compensated Jaffe- RH
Gamma IFCC Abbott Architect ¢ IFCC- AA
glutamyltransferase (37 °C, Glycylglycine, pH 7,7, L-  Beckman Coulter AU IFCC- BC AU
(GGT) y-Glutamyl-3-carboxy-4- Horiba Pentra IFCC- HP
nitroanilide) Roche Cobas ¢ IFCC-RCc
Roche Cobas Integra IFCC- RCI
Roche Hitachi IFCC- RH
Siemens Dimension IFCC- SD
Glucose GOD-PAP Abbott Architect ¢ GOD-PAP- BC AU
Beckman Coulter AU GOD-PAP- HP
Hexokinase Horiba Pentra GOD-PAP- RH

HDL cholesterol
(HDL)

Homogeneous enzymatic

Roche Cobas ¢
Roche Cobas Integra
Roche Hitachi
Siemens Dimension

Abbott Architect ¢
Beckman Coulter AU
Horiba Pentra

Roche Cobas ¢
Roche Cobas Integra
Roche Hitachi
Siemens Dimension

Hexokinase- AA
Hexokinase- BC AU
Hexokinase- RCc
Hexokinase- RCI
Hexokinase- SD

Homogeneous- AA
Homogeneous- BC AU
Homogeneous- HP
Homogeneous- RCc
Homogeneous- RCI
Homogeneous- RH
Homogeneous- SD
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Analyte Method Instrument MP
Iron Photometry, Ferene Abbott Architect ¢ Ferene AA
Beckman Coulter AU Ferene- HP
Photometry, Ferrozine Horiba Pentra Ferene- RH
Roche Cobas ¢ Ferene- SD
Photometry, TPTZ Roche Cobas Integra Ferrozine- RCc
Roche Hitachi Ferrozine- RCI
Siemens Dimension Ferrozine- RH
TPTZ- BC AU
Lactate IFCC Abbott Architect ¢ IFCC- AA
dehydrogenase (37 °C , N-Methyl-D-glucamine, Beckman Coulter AU IFCC- BC AU
(LDH) L-(+)-Lactate, NAD* Roche Cobas ¢ IFCC- RCc
Roche Cobas Integra IFCC- RCI
Roche Hitachi IFCC- RH
Siemens Dimension IFCC- SD
Inorganic phosphate Photometry, Ammonium Abbott Architect ¢ Ammonium- molybdate- AA
(Phosphate) molybdate Beckman Coulter AU Ammonium- molybdate- BC
Roche Cobas ¢ AU
Roche Cobas Integra Ammonium-molybdate- RCc
Ammonium- molybdate- RCI
Potassium Flame emission photometry Abbott Architect ¢ FES- CC
(FES) Beckman Coulter AU Indirect ISE- AA
Ciba Corning Indirect ISE- BC AU
Indirect ISE Roche Cobas ¢ Indirect ISE- RCc
Roche Cobas Integra Indirect ISE- RCI
Siemens Dimension Indirect ISE- SD
Sodium Flame emission photometry Abbott Architect ¢ FES-CC
(FES) Beckman Coulter AU Indirect ISE- AA
Ciba Corning Indirect ISE- BC AU
Indirect ISE Roche Cobas ¢ Indirect ISE- RCc
Roche Cobas Integra Indirect ISE- RCI
Siemens Dimension Indirect ISE- SD
Total bilirubin Photometry, Diazo Abbott Architect ¢ Diazo- AA
(Bilirubin) Beckman Coulter AU Diazo- BC AU
Horiba Pentra Diazo- HP
Roche Cobas ¢ Diazo- RCc
Roche Cobas Integra Diazo- RCI
Roche Hitachi Diazo- RH
Siemens Dimension Diazo- SD
Total proteins Photometry, Biuret Abbott Architect ¢ Biuret- AA
(Proteins) Beckman Coulter AU Biuret- BC AU
Roche Cobas ¢ Biuret- RCc
Roche Cobas Integra Biuret- RCI
Roche Hitachi Biuret- RH
Siemens Dimension Biuret- SD
Triglycerides GPO-PAP Abbott Architect ¢ GPO-PAP- AA
Beckman Coulter AU GPO-PAP- BC AU
Roche Cobas ¢ GPO-PAP- RCc
Roche Cobas Integra GPO-PAP- RCI
Roche Hitachi GPO-PAP- RH
Siemens Dimension GPO-PAP- SD
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Analyte Method Instrument MP
Urate Uricase UV Abbott Architect ¢ Uricase- BC AU
Beckman Coulter AU Uricase- RH
Uricase/POD Roche Cobas ¢ Uricase- SD
Roche Cobas Integra Uricase, POD- AA
Roche Hitachi Uricase, POD- BC AU
Siemens Dimension Uricase, POD- RCc
Uricase, POD- RCI
Uricase, POD- RH
Urea Urease, GLDH Abbott Architect ¢ Urease, GLDH- AA
Beckman Coulter AU Urease, GLDH- BC AU

Horiba Pentra
Roche Cobas ¢
Roche Cobas Integra
Roche Hitachi
Siemens Dimension

Urease, GLDH- HP
Urease, GLDH- RCc
Urease, GLDH- RCI
Urease, GLDH- RH
Urease, GLDH- SD

AA — Abbott Architect c; BC AU - Beckman Coulter AU; CC — Ciba Corning; HP - Horiba Pentra; RCc — Roche Cobas c;
RCI - Roche Cobas Integra; RH — Roche Hitachi; SD — Siemens Dimension; PP — Pyridoxal-5'-phosphate; CNP-G3 — 2-chloro-
4-nitrophenyl-o-D-maltotrioside, NM-BAPTA - 5-nitro-5'-methyl-(1,2-bis(o-aminophenoxy)ethan-N,N,N',N'-tetraacetic acid;
ISE - Ion-selective Electrode; CHOD-PAP — Cholesterol oxidase/peroxidase — phenol/4-aminophenazone; P'P3-diAP - P'P>-
Di(adenosine-5'pentaphosphate; P GOD-PAP — Glucose oxidase/peroxidase- phenol/4-aminophenazone ; TPTZ — 2,4,6,-
Tripyridyl-s-triazine; GPO-PAP — Glycerol phosphate oxidase/peroxidase - phenol/4-aminophenazone; POD — Peroxidase;
GLDH - Glutamate dehydrogenase

The results received from the analysis of serum samples are each time compared to results
received for lyophilized control samples on the same survey.

Since the spiked serum sample cannot be a priori considered commutable and appropriate
for comparison with the control sample, the property of spiked serum sample, to be a substitute
for a native serum with a high concentration of spiked analytes, was checked in the third survey.
Using the same commutability criteria, the native serum from the third survey and the same
spiked serum was evaluated for commutability. Only MPs showing commutability with native
serum sample were further used in the second survey for evaluation.

All statistical analysis was performed using S-plus 8.0 (TIBCO Software Inc. Palo Alto, CA,
USA) for Linux.

3.4 Analysis of statistically significant differences between native

serum sample and lyophilized control samples

Analysis of statistically significant differences between native serum samples and lyophilized

control samples was performed using analysis of variance (ANOVA).
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Harmonisation assessment was performed by a one-way ANOVA with MP as a factor and
using only the data of the serum sample and a correction for simultaneous hypothesis testing
according to Tukey (109). Significant differences between MPs would indicate a lack of
harmonisation. Assessing commutability of a control sample was performed by a two-way
ANOVA with the laboratory as an extra random factor. Differences between the control and
serum sample were compared between MPs. A correction for simultaneous hypothesis testing
was applied according to Sidak (110). A significant difference between MPs of the differences
between the two samples may indicate the lack of commutability of the control sample for

those MPs. All statistically significant differences are calculated at the level of P<0.05.

3.5 False flagging method

To perform commutability evaluation based on pairwise comparison of MPs on serum and
control sample, the false flagging method was introduced. Laboratories’ results for each analyte
are compared to the consensus target value of the MP group and APS of CROQALM (111) as
presented in Table 4. The limits of CROQALM were chosen as the ones according to which
the control samples would be evaluated since the same limits were used for individual results
evaluation within the EQA scheme. APS of CROQALM are mostly based on biological
variation data published by Ricos et al. (112), hosted and updated on Westgard webpage (60).
For sodium and chloride, ‘state of the art’ level is used, according to current technological

possibilities.

Table 4. CROQALM analytical performance specifications

Analyte Acceptable
deviation (%)

GLUCOSE 7
BILIRUBIN 14
CREATININE 9

UREA 8

URATE 12
SODIUM 3
POTASSIUM 6

TOTAL CALCIUM 4
PHOSPHATE 10
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Analyte Acceptable
deviation (%)

CHLORIDE 4
IRON 16
TOTAL CHOLESTEROL 9
HDL CHOLESTEROL 12
TRIGLYCERIDES 13
ALANINE AMINOTRANSFERASE 14

ASPARTATE AMINOTRANSFERASE 17
GAMMA GLUTAMYLTRANSFERASE 12

ALKALINE PHOSPHATASE 12
CREATINE KINASE 16
LACTATE DEHYDROGENASE 12
ALPHA AMYLASE 15
TOTAL PROTEINS 6

The results that exceed predefined limits are flagged and the flagging rate is calculated for each
MP under evaluation.
A result is flagged when

|laboratory result — consensus target value|

* 100 > allowed deviation (%)
consensus target value

An EQA result that is obtained under optimal laboratory conditions should have only a small

chance of being flagged. This probability is called the flagging rate and is given by:

P (X < consensus target value(1 — %NX > consensus target value(1 + 1%0)):

d \\_
2%P (X > consensus target value(1 + ﬁ))_

24P (X—consensus target value S consensus target value*d)_
sd sd=100

consensus target value * d
2*P <Z > )

sd * 100

where X stands for a reported EQA value, d stands for the value of the APS, sd stands for the
standard deviation of the reported results and Z stands for a value of a standard normal
distribution (with mean 0 and standard deviation 1), which is to be found in statistical textbooks
or is given by appropriate statistical software.

The formula may also be rewritten as:

flagging rate=2 * P (Z > cd_V)
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with CV the coefficient of variation of the reported results. In other words, the larger d is with

respect to the CV for a given MP, the lower the flagging rate.

For assessing commutability for a sample for two methods, two cases are considered: the first
case is when the results of the two MPs are joined into one peer group and the second case is
when the results of the two MPs are evaluated in two separate peer groups. The differences in
flagging rate are calculated between the case where the MPs are joined in one group and the
case when they are in separate groups. This calculation is performed for the control sample on
the one hand and for the serum sample on the other hand. The control sample is considered as
commutable if the differences obtained for the control sample and for the serum sample are
close to each other. Flagging rate differences that exceed the maximum allowable rate of 20%
for any pairwise comparison of MPs is considered a false flagging rate and set as a
commutability limit of control materials (Figure 10). By allowing the 5% change on each side
of the curve, the total change for one curve, or MP, is 10%, and for two MPs evaluated in each

set of analysis, this yields 20% change in flagging rate.
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Flagging rate MP1

Flagging rate MP2
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False flagging rate - serum

False flagging rate difference (control - serum)

~
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commutable

~a
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noncommutable

Figure 10. Scheme of a false flagging method for commutability evaluation.
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The probability that the limit of 20% of the false flagging rate is exceeded can be calculated
using the mean, standard deviation and number of data in each group. Considering the fact that
the mean and the standard deviation of the certain data series are variable and slightly different
each time the data is collected, it is important to calculate the chance that the upper limit of
20% points false flagging rate would ever be exceeded, taking into account the current mean,
standard deviation and the number of data. This probability is obtained using bootstrapping
(113). Starting from the certain data series, a new series is made that consists of random
selecting (sampling) data that are the part of initial data series, in which a certain value can
occur more than once. The probability of changed flagging is calculated using 1000
bootstrapped samples of the originally reported results.

The commutability evaluation of lyophilised control samples for each pairwise comparison of

MPs is performed using the following approach:

1. Serum sample: For each pair of MPs calculate the consensus target value and standard
deviation two times: once for each MP apart by using the consensus target value for each
MP apart, and once for the two MPs together using a consensus target value calculated after
joining the results of the two MPs into one group. Calculate in both cases the probability
of flagging according to the consensus target value, the standard deviation, and defined
APS. False flagging is defined as the difference in flagging rate between the case when the
MPs are evaluated apart and when they are put into one group.

2. Lyophilised commercial control sample: For each pair of MPs calculate the consensus

target value and standard deviation two times: once for each MP apart by using the
consensus target value for each MP apart, and once for the two MPs together using a
consensus target value calculated after joining the results of the two MPs into one group.
Calculate in both cases the probability of flagging according to the consensus target value
the standard deviation, and defined APS.
The false flagging rate between two MPs observed on lyophilised control samples should
be similar to the false flagging rate observed on serum sample if the control material is
commutable. The maximum allowed difference in the false flagging rate of control material
compared to the serum sample was set to 20% points.

3. Create 1000 bootstrapped samples (set of results) for each MP and EQA sample (serum
and lyophilised commercial control sample) - sampling with replacement. Repeat steps 1

and 2 for each bootstrapped sample. Calculate the false flagging rate for each bootstrapped
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sample as the difference in flagging rate between lyophilised control samples and serum
samples.

4. Calculate the percentage commutability as the percentage of bootstrapped samples not
exceeding the predefined limit of 20%point difference falsely flagged results between
control and fresh sample.

Lyophilised commercial control samples are defined as commutable for assessed MPs

combination if percentage commutability is 2 95%. The control samples are defined as

noncommutable if the percentage commutability is < 95%. The 95%-acceptance criteria were
chosen as the usual 95%-significance confidence level used in statistical inference.

To quantify the initial harmonisation between two MPs, the same logic of falsely flagged
results is applied. If the results from two MPs are harmonised, the false flagging rate does not
change substantially if the methods are joined into one group and individual results evaluated
according to unique target value compared to a separate evaluation per MP. The change in false
flagging rate above the pred