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Keyword Explanation 
Bias Trueness is the “closeness of agreement between the 

average of an infinite number of replicate measured 
quantity values and a reference quantity value”. It is 
quantitatively expressed as bias. 

Matrix effects The combined effect of all components of the sample 
other than the analyte on the measurement of the 
measurand. If a specific component can be identified as 
causing a matrix effect then this is referred to as 
interference. 

Commutability To what extent reference materials, calibrators and 
control materials show matrix properties similar to 
those of fresh natural samples. Fresh natural patient 
samples represent the ultimately commutable materials 
for comparing measurement methods in clinical 
chemistry 

Split-sample  A fresh natural sample measured using two 
measurement systems for the purpose of comparison, 
calibration or quality control.  

Secondary adjustment Secondary adjustment (usually by linear regression) of 
the results from a properly calibrated adept method in 
order to eliminate its possible bias from the mentor 
method. 

Mentor measurement 
system 

A mentor measurement system in a conglomerate of 
laboratories is taken to be devoid of bias. 

Mentor-adept method A method for the systematic use of split samples for 
secondary adjustment, calibration or quality control. 
Measurement results from the same sample can either 
be used for secondary adjustment or for quality control, 
never for both.  
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Future perspectives: 

Further developments in reference measurement systems are likely continue to play the 

major role in minimizing bias in clinical chemistry also during at least the two coming 

decades. Reference measurement systems are, however, unlikely to solve all the most 

complex bias issues, e.g. in the fields of immunochemistry. Natural patient samples are 

commutable and in abundant supply in the laboratories of clinical chemistry. They 

represent an asset that is already available and is likely to be increasingly used for 

minimizing bias still further using split-sample/mentor-adept techniques. 
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Executive summary 

 The concepts of trueness expressed as bias and accuracy expressed as measurement 

uncertainty have been agreed on by authoritative international organizations 

o Their proper meaning and nomenclature needs to be implemented globally 

 Bias in clinical chemistry is a clinically important challenge  

o Bias in clinical chemistry has been and is being decreased by reference 

measurement systems created and maintained by several organizations and 

by manufacturers of measurement methods and systems. 

o Clinically important bias however remains and represents a particular 

challenge when diagnosing and monitoring disease where minute changes in 

concentrations have major clinical consequences e.g. in diabetes mellitus 

 Bias can be measured and monitored  

o Bias between measurement systems and methods may be due matrix effects 

o Natural patient samples are fully commutable and therefore optimal for 

estimating and eliminating bias using natural patient samples in split-

sample/mentor-adept methods 

o Variable bias components become random errors over time and can be 

treated by techniques of variance component analysis 

o The longer time period observed the random error increases and the bias 

decreases since some bias components become random over time 

 Bias can and should be eliminated 

o There is current reluctance in using secondary adjustment of measured 

concentrations in clinical chemistry using mentor-adept methods due to 

regulatory issues including the EU in-vitro directive  

  



Page 5 of 38 
 

Reference annotations 

CLSI: EP09-A3 Measurement Procedure Comparison and Bias Estimation Using Patient 

Samples; Approved Guideline - Third Edition. (2013). 

(*) Important guideline for bias estimation using commutable samples = patient samples. 

However, it does not cover secondary adjustment of concentrations 

JCGM: International vocabulary of metrology — Basic and general concepts and 

associated terms (VIM 3). (jcgm 200:2008), (2012). 

(**) The definitive guide to concepts and terms in all fields of metrology – including 

clinical chemistry 

JCGM: Evaluation of measurement data — Guide to the expression of uncertainty in 

measurement. JCGM 100:2008, GUM 1995 with minor corrections. 

(**) A solid general guide to the expression of measurement uncertainty. It deals mainly 

with “bottom up” approaches but makes also clear that “top down” approaches most 

commonly used in chemistry are appropriate and that bias should be eliminated. 

Dybkaer R: From total allowable error via metrological traceability to uncertainty of 

measurement of the unbiased result. Accredit Qual Assur 4(9-10), 401-405 (1999). 

(**) A classic paper written by one of the nesters of metrology. It makes a solid case for 

the elimination of bias and secondary adjustment of concentrations 

Kallner A: Laboratory statistics: handbook of formulas and terms. (First edition.). 

Elsevier, (2013). 

(*) A valuable overview of statistical methods used in clinical laboratories 

Ellison SLR, Farrant TJ, Barwick V, Royal Society of Chemistry (Great Britain): Practical 

statistics for the analytical scientist: a bench guide. (2nd). RSC Publishing, Cambridge, 

UK. (2009). 

(*) A valuable overview of statistical methods used in laboratories in general 

 

  



Page 6 of 38 
 

Abstract 

Clinical chemistry uses automated measurement techniques and medical knowledge in 

the interest of patients and healthy subjects. Automation has reduced repeatability- and 

day-to-day variation considerably. Bias has been reduced to a lesser extent by reference 

measurement systems.  

It is vital to minimize clinically important bias, in particular bias within conglomerates of 

laboratories measuring samples from the same patients.  

Small and variable bias components will over time show random error properties and 

conventional random-error based methods for calculating measurement uncertainty can 

then be applied. 

The present overview of bias presents the general principles of error and uncertainty 

concepts, terminology and analysis, and suggests methods to minimize bias and 

measurement uncertainty in the interest of healthcare. 

Introduction 
Every year laboratories of clinical chemistry commonly measure in the order of 20 

measurands in samples from an average person. It takes highly automated measurement 

methods and systems combined with advanced information technologies to accomplish 

this mammoth task. Physicians rely increasingly on measurement results for objective 

diagnosis and monitoring of treatment effects. Institutions representing society also use 

them when assessing the overall quality of treatment/healthcare as exemplified by the 

use of the glycosylated hemoglobin to monitor the overall quality of diabetes treatment.  

Measurements in clinical chemistry are performed at several “levels” of healthcare from 

large university hospitals or commercial laboratories, local hospital laboratories, 

physician’s surgeries to measurements performed by the patients themselves. Minimal 

criteria for the performance of individual measurement methods and systems are 

frequently decided by national or international organizations and consequently their 

performance monitored accordingly. Even if individual measurement methods and 

measuring systems each fulfill minimal criteria, all possible steps may not have been 

taken to minimize the overall measurement uncertainty for all available methods that 

samples from individual patients are likely to encounter over time. Healthcare decisions 

for individual patients are influenced by the results of all measurements irrespective of 

which measurement methods and systems they originate from. Bias between 

measurement methods and systems therefore still represents a substantial challenge in 

clinical chemistry in particular for the frequently used immunochemical methods which 

rely on reagents which vary substantially between producers e.g. regarding epitope 

specificities.  

Uncertainty of the high-volume measurement methods in clinical chemistry has 

decreased substantially with the advent of highly automated measurement methods and 

reference measurement systems during the last decades. The most substantial 

improvements have been accomplished in reducing the repeatability and day-to-day 

variation. Bias has also been decreased, but not to the same extent. Bias currently 
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represents a much more formidable challenge than repeatability and day-to-day 

variation when attempting to reduce measurement uncertainty still further (Figure 1).  

There is general agreement on the fundamental role of reference measurement systems 

in clinical chemistry to this end, but no general agreement has as yet been reached on 

user conducted secondary adjustment by means of fresh patient samples in order to 

minimize or eliminate bias. Eliminating the clinically most important bias is an 

important task for laboratory organizations providing service to patients and healthcare 

personnel [2, 3]. 

 

Figure 1 

The contribution of repeatability and day-to-day variation to the uncertainty of the high-

volume measurement methods in clinical chemistry currently contribute relatively less to 

the expanded uncertainty than bias  

Measurement uncertainty encloses the interval of measurement results within which 

the true value of the measured quantity lies with some predefined (usually 95 %) 

probability. Although, strictly speaking, measurement uncertainty is a property of a 

measurement result and determines what use the measurement results can be put to, it 

can also be used for characterizing results in general from measurement methods as in 

uncertainty calculations of GUM [4], total error [5]- or RiLi-BAEK methods [6] or 

variations of them. 

This paper is an overview of 1) the internationally agreed concepts and calculation 

methods used for handling bias for a single laboratory with one method and for a 

laboratory with several methods and locations 2) the different ways of investigating the 

causes of bias and 3) practical remedies for minimizing bias in clinical chemistry. 

Measurement 
Measurement is the “process of experimentally obtaining one or more quantity values 

that can reasonably be attributed to a quantity” [7, 8]. A quantity can e.g. be a 

concentration and then a quantity value is the result expressed in concentration. We do 

not directly measure the molecule of interest but rather rely on a physiochemical 
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property “kind of quantity” [8] which sufficiently characterizes the molecule for the 

intended purpose of measurement, e.g. absorbance of light at a certain wavelength, 

elution time from a chromatographic column, immunologic reactivity etc.  This is the 

reason that the term used for what we measure is “measurand” = “quantity intended to 

be measured” [8]. The calibrators used are of well-defined origins and have assigned 

concentrations, which are traceable to internationally accepted standards. The 

functional relation between assigned concentrations of the measurand in the calibrators 

on the kind of quantity measured in the samples is established and used to estimate the 

concentrations in the unknown samples. This means that we run the risk that a 

multitude of factors other than the concentrations of the molecules intended to 

measured (confounding factors) including interferences and matrix effects influence the 

measurement results resulting in increased measurement errors (systematic and/or 

random errors) and measurement uncertainty. Minimizing measurement uncertainty in 

the interest of patient care is a prerequisite for a well- functioning clinical chemistry 

laboratory. Therefore it is of interest to minimize all factors contributing to 

measurement uncertainty of the measurement results, especially the bias, which in most 

cases today is the major uncertainty component. 

Terminology to describe results of measurement and their quality 

The following terms are essential when describing and assessing the measurement 

quality: the general terms measurand, measurement uncertainty, traceability and 

verification and the specific terms trueness, precision and accuracy. The definitions and 

principles for use can be found in two internationally agreed documents written by ISO 

Technical Advisory Group 4 (TAG4) of The Joint Committee for Guides in Metrology 

(JCGM). International Bureau of Weights and Measures (BIPM): 1) The International 

vocabulary of metrology – basic and general concepts and associated terms (VIM) and 2) 

the Guide to the expression of uncertainty in measurement (GUM). The organizations 

which send their representatives to the JCGM meetings are: The International 

Electrotechnical Commission (IEC), The International Federation of Clinical Chemistry 

and Laboratory Medicine (IFCC), The International Organization for Standardization 

(ISO), The International Union of Pure and Applied Chemistry (IUPAC), The 

International Union of Pure and Applied Physics (IUPAP), The International 

Organization of Legal Metrology (OIML) and The International Laboratory Accreditation 

Cooperation (ILAC).  

Important organizations within metrology in the English-speaking countries are absent 

from this list, e.g Clinical and Laboratory Standards Institute (CLSI) and The Food and 

Drug Administration (FDA). The principles established in the VIM and GUM are as yet 

not as widely adopted in these countries as in other parts of the world. Furthermore, it 

still remains difficult to differentiate between colloquial and “scientific” English in the 

field of metrology. Examples are e.g. the use of the concept of “accuracy” when meaning 

“trueness” and “analyte” when meaning “measurand”. However, important authorities in 

the English-speaking countries, including the FDA [9] and CLSI are increasingly adopting 

the international nomenclature, e.g. using accuracy to describe the combination of 

random and systematic error.  
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Metrology is an important subject in many fields of knowledge and it is therefore crucial 

for proper understanding and application that individuals in all fields of knowledge use 

the concepts and terms painstakingly discussed and compromised on internationally [8, 

10] even if it takes practicing the use of new concepts and words.  

A qualitative concept measurement trueness is the “closeness of agreement between the 

average of an infinite number of replicate measured quantity values and a reference 

quantity value” [8]. It is quantitatively expressed as bias. Another qualitative concept 

measurement accuracy describes the “closeness of agreement between a measured 

quantity value and a true quantity value of a measurand [8]. It includes both systematic 

and random error components.  

A more accurate result has a smaller measurement error. It is on the average more true 

when the bias is small and more precise when the random error is small.  

 

Figure 2  

Concept diagram [8], adapted from Menditto et al [11], explaining the relations between 

concepts describing, random and systematic errors as well as measurement uncertainty. 

The dotted line from Bias to Measurement uncertainty is to indicate that if bias can be 

estimated, it should be eliminated.  

Repeated measurements of the measurand – in the case of chemical measurements it is 

concentration of an analyte – in the same sample make up a frequency distribution of 

values that contains important information on the inherent properties of the 

measurement method. This frequency distribution is commonly the Gaussian/Normal 

distribution. If we wish to summarize the frequency distribution by a single number the 

center=average=mean=expected value is the most logical choice. The variance and its 

square root – the standard deviation – describe the distribution of the random variable. 

Measurement error or error is a property of a single measurement – “measured quantity 
value minus a reference quantity value” [8].  
 

Systematic error Trueness Bias

(Total) error

Random error Precision

Accuracy Measurement uncertainty

Imprecision

Type of errors Performance

characteristics

Quantitative expression of 

performance characteristics
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Figure 3 

The components of error (random and systematic error) of a single result of measurement, 

the mean of four replicate measurements and the mean of infinite number of 

measurements, which eliminates the random error component. The random error 

component of the uncertainty in determining the mean is inversely related to the square 

root of the number of observations – the standard error of the mean (SEM). 

When two or more replicate measurements are made, the mean of the obtained values is 

more likely to be closer to the reference quantity value/true value than a single value 

since repeated measurements decrease the effect of the random error on the mean 

(Figure 3). Importantly, repeated measurements do not decrease the effects of the 

systematic error (bias) on the measurement result. Effects of the random error on the 

mean are therefore improved by increased number of repeated measurements whereas 

the systematic error is not influenced.  

Measurement bias is “estimate of a systematic measurement error” [8]. Systematic 

measurement error, in turn, is “component of measurement error that in replicate 
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measurements remains constant or varies in a predictable manner” [8]. Systematic 

measurement error is the “closeness of agreement between the average of an infinite 

number of replicate measured quantity values and a reference quantity value” [5]. 

Commonly in clinical chemistry bias is taken to be the difference between a measured 

average and a conventional or reference quantity value. However the measurement 

conditions need to be stated – normally laboratory bias should be reported based on 

results measured under intermediate precision conditions (see further below). 

Repeatability, reproducibility, measurement uncertainty and expanded measurement 

uncertainty 

The different component of measurement uncertainty can be illustrated by the laboratory 

ladder as originally conceived by Thompson [12]. Repeatability is “measurement precision 

under a set of repeatability conditions of measurement” [8]. It is commonly expressed as 

standard deviation or relative standard deviation/coefficient of variation (CV) – step 4 

in Figure 4.  

Reproducibility condition of measurement is “condition of measurement, out of a set of 

conditions that includes different locations, operators, measuring systems, and replicate 

measurements on the same or similar objects” [8] – all steps in Figure 4B.  

Intermediate precision condition of measurement is “under a set of intermediate 

precision conditions of measurement”, out of a set of conditions that includes the same 

measurement procedure, same location, and replicate measurements on the same or 

similar objects over an extended period of time, but may include other conditions 

involving changes [8] – step 3 and 4 in Figure 4A but all steps in Figure 4B. It is 

commonly expressed as standard deviation or relative standard deviation. Intermediate 

precision is also called within-laboratory reproducibility. 

Standard uncertainty is measurement uncertainty expressed as a standard deviation” 

[8]. 

Combined standard uncertainty is standard measurement uncertainty that is obtained by 

combining the individual standard uncertainties estimated for the result. 

Expanded measurement uncertainty (U) is product of a combined standard uncertainty uc 

and a coverage factor k. Using a coverage factor of 2 with sufficient degrees of freedom 

means that the value reasonably attributable to the measurand is given with 95% 

confidence. 

VIM is a normative reference in ISO/IEC 17025:2005 and in ISO/IEC 15189:2012. For 

chemists Eurachem has written an introductory guide Terminology in Analytical 

Measurement – Introduction to VIM 3 [7]. In the subsequent text we will only discuss the 

terminology relevant to bias. 

Standards, reference measurement systems and organizations 

Standardization of measurement methods and systems is currently based on the ISO 

standard 17511:2003 [13]. It details how the metrological traceability of values assigned 

to calibrators and control materials is established. The calibrators are being used to 



Page 12 of 38 
 

establish trueness and the control materials to verify or verify trueness of measurement 

methods or systems.  

The Joint Committee for Traceability in Laboratory Medicine (JCTLM) [14] was 

established in 2002 in response to the implementation of the European Community 

Directive 98/79/EC on in vitro medical devices [15]. Its founding organizations are the 

International Committee of Weights and Mesures (CIPM), the International Federation 

for Clinical Chemistry and Laboratory Medicine (IFCC), and the International Laboratory 

Accreditation Cooperation (ILAC). The JCTLM publishes list of higher order reference 

materials, reference methods and reference laboratories [16]. The important work 

performed under the auspices of the JCTLM system for minimizing bias by establishing a 

reference strengthens the metrological foundations of all measurements in clinical 

chemistry. They are joined in this effort by other corresponding organizations including 

the FDA, National Metrological Institutes (NMI) etc. in other parts of the world. Though 

far from easy [17] , through perseverance we are likely to see a bountiful harvest of the 

work done by JCTLM [16-23], especially as producers of reagents and systems and 

organizers of proficiency testing programs increasingly adopt the facilities JCTLM brings 

together. 

The American Association of Clinical Chemistry (AACC) in 2010 initiated the 

International Consortium for Harmonization of Clinical Laboratory Results (ICHCLR) 

organizing a global effort to harmonize test results [24, 25]. Amongst the activities of the 

consortium is the publication of a toolbox of technical procedures to be considered 

when developing a process to achieve harmonization for a measurand [26]. The toolbox 

sets out lofty and important goals for the harmonization of calibrators, reagents and 

measurement systems. It, however, does not deal with harmonization of pre- and 

postanalytical factors which frequently also play a very substantial role in the errors 

encountered in clinical chemistry [22, 27]. The ICHCLR has recently broadened its scope 

to also include pre- and postanalytical factors [25]. The latter are of particular interest in 

clinical chemistry. 

The European Federation of Clinical Chemistry and Laboratory Medicine (EFLM), which 

represents IFCC in Europe, has several groups with special focus on pre- and 

postanalytical factors. It also collaborates with groups pf clinical experts on e.g. test 

evaluation, interpretation of results, clinical guidelines etc. [28-31].  

Current and future efforts in harmonizing measurement results in clinical chemistry are 

likely to include extensive co-operation between e.g. the industry, standardization 

organizations, professional organizations and individual researchers. They do also 

include all aspects of  the process from the clinical decision to use the clinical chemistry 

laboratory in diagnosis through preparing the patient, taking- and transporting the 

samples, measuring the samples and reporting the results and including the 

interpretation of the results in the clinical context [32]. 

Bias 

Bias, the difference between the mean of the test results and the reference value 𝐵𝑖𝑎𝑠 =

�̅� − 𝑦𝑜. It is commonly expressed as the fraction of the reference value – the relative bias. 

Different components of measurement uncertainty including biases are obtained 
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depending on the prevailing measurement conditions. This can be illustrated with the 

different steps of the “laboratory ladder” (Figure 4) [12, 33]. 

 

Figure 4   

The ladder of errors for measurements one parameter in clinical chemistry according to the 

concept introduced by Thompson et al. [12].  

Ladder A represents a laboratory using essentially a single measurement method and 

measurement system for serving their customers. Ladder B represents a situation common 

in clinical chemistry where a laboratory measures samples in a number of different 

locations using several methods and measurement systems.  

Step 1 The laboratory bias – a bias for an individual laboratory. The “laboratory” can be a 
single laboratory or a laboratory organisation e.g. all laboratories within a 
community that a patient is using  

Step 2 The method and/or measurement system bias  
Step 3 The day-to-day variation – a combination of random error and short-term bias owing 

to, among other factors, time effects, change of reagents etc. 
Step 4 The repeatability – the random error occurring between replicate determinations 

performed within a short period of time. 
 

With improved quality of reagents, systems and procedures, the repeatability and day-

to-day component of variation are reduced (step 4 and step 3 in Figure 4). Consequently, 

the laboratory bias and method/measuring system bias (steps 1 and 2) are becoming 

increasingly important [34]. Therefore bias today is quantitatively the most important 

component of uncertainty (provided that sampling uncertainty is low) for measurement 

results in clinical chemistry e.g. between laboratories, reagents and reagent lots, 

measurement methods and systems.  

The hierarchy/ladder of measurement uncertainties including bias lends itself well to 

statistical analysis using analysis of variance and variance component analysis [35-37] 

where the most prominent cause(s) of variation can be identified (causes of both 

random and systematic errors) and used to minimize them whenever possible and 

4. Repeatability

3. Day-to day variation

2. Method/Measuring system

1. Laboratory

3. Day-to-day variation

1 and 2. Laboratory and 

Method/Measuring system
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A B



Page 14 of 38 
 

practical. This requires the use of stable control material with appropriate matrix 

properties (commutability) that is used at all levels of measurement including the use of 

patient samples for quality control. 

Given the situation where patient samples for measurement of a particular measurand 

are always measured within the same conglomerate of laboratories, the most important 

bias to eliminate is bias amongst the conglomerate laboratories.  

Causes of bias  

The reasons for bias in clinical chemistry are numerous, varying in importance varies 

between measurement methods e.g.: 

 Bias when taking samples, e.g. when samples are sometimes taken when the 

patient has been walking around and sometimes when he/she has been lying 

down. When the regulatory systems of the body adapt to gravity, the blood 

plasma volume is reduced in the order of 10% from a lying to a standing position 

thus increasing the concentration of macromolecules and cells in the blood of the 

patient. 

 Instability of the sample during transport or storage, e.g. during transport in 

extremes of heat and cold and mechanical effects on cells and blood gases when 

transporting samples through pneumatic tubes in hospital transport systems. 

 Uncorrected loss of measurand at extraction e.g. when preparing samples for 

measurement using high-performance liquid chromatography or mass-

spectrometry.  

 Errors when the calibrator is prepared, including errors in volume 

measurements or in weighing of calibrators in the laboratory 

 Using sample matrix which differs from the matrix in the samples e.g. using de-

fatted and lyophilized stable materials for internal quality control or proficiency 

testing programs. 

 Interferences in the samples, e.g. the color of hemoglobin and bilirubin in 

hemolytic and icteric samples or the presence of high concentrations of proteins 

or lipids in the sample (myeloma or hyperlipidemia ) 

 The presence of molecules which specifically interfere with the reagents used in 

the measurement process, e.g. heterophilic antibodies (e.g. human antibodies 

against mouse IgG) 

 Specificity for different epitopes in macromolecules of antibodies used in 

immunochemical measurement methods e.g. when measuring macromolecules 

including prostate- specific antigen, troponins and protein- or peptide hormones. 

Clinically important or clinically unimportant bias 

In clinical chemistry the decisions based on measured concentrations of components are 

used primarily for two purposes: 1) for diagnosis and 2) for monitoring of treatment 

results.  

When used for diagnosis the clinical decisions depend basically on comparison of the 

central tendency and variation of the concentrations of the component in the population 

of the subjects used for establishing the reference interval with the central tendency and 

variation of the concentrations in the population afflicted by the disease [38]. Studies of 
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the properties of diagnostic methods are usually performed using methods of Receiver 

Operating Characteristics (ROC) [39, 40]. The clinical decision on whether a 

concentration of a measurand in a patient sample belongs to the population of the 

healthy or to the population of the diseased is influenced by the uncertainty of the 

measurement result. This uncertainty consists of measurement uncertainty (bias and 

imprecision), on uncertainty in the sampling and sample handling and on the 

spontaneous biological variation [41] of the component in the healthy subjects and 

patients as their homeostatic systems and the possible disease processes influence the 

concentrations of the measurands in parts of the body where the samples are taken from 

(usually components of blood, urine or cerebrospinal fluid) [42]. A clinically important 

bias is a bias which is likely (with a predefined probability – commonly p<0.05) to 

influence the clinical decision between health and disease when studied in the context of 

all the other uncertainty components involved, including biological variation. A clinically 

unimportant bias is a bias which does not fulfill this criterion. 

The data on biological variation for Hemoglobin A1C and Alanine aminotransferase 

(Table 1) may be used to illustrate this. 

 

System Component Within- 
individual 
biological 
variation 

Between- 
individuals 
biological 
variation 

Blood Hemoglobin A1C (HbA1C) 1.9% 5.7% 
Serum Alanine Aminotransferase (ALAT) 19.4% 41.6% 

 

Table 1 

The within and between individuals components of biological variation of hemoglobin A1C 

and of Alanine aminotransferase [43]. 

Since the between – individuals biological variation of HbA1C (5.7%) is much smaller 

than for ALAT (41.6%) a possible bias in the measurement of the concentrations of 

HbA1C is much more likely to influence clinical decisions in diagnosing diabetes mellitus 

than a possible bias in the measurement of ALAT when diagnosing liver conditions due 

to the fact that the large (41.6%) biological variation of ALAT is likely to be the major 

uncertainty component when the concentrations/activity of ALAT is used for diagnosis. 

A bias of e.g. 2% when measuring the concentrations/activity of ALAT is therefore 

usually clinically unimportant. 

When used for monitoring treatment results within a single patient the within- individual 

biological variation determines the uncertainty caused by biological variation. Sampling 

and sample handling variation are commonly in this instance regarded as constant. 

When several measurement systems are used for monitoring the patient (e.g. self-

monitoring instrument, local physician instrument, local hospital instrument, University 

hospital instruments) bias between the measurement systems becomes crucial [44, 45] 

for two reasons: 1) a bias of e.g. 2% is of similar magnitude and importance as the intra-
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individual biological variation (1.9%) and is therefore important in the overall 

uncertainty of the clinical decision, 2) an increase of 2% in the concentration/fraction of 

HbA1C is known to constitute an increased risk for the patient.   

Whether a bias between measurement systems in clinical chemistry for a certain 

component is clinically important or unimportant is therefore a question of 1) 

knowledge about the medical risk that a certain concentration or change in 

concentrations implies, 2) whether the measurement is used for diagnosis or for 

monitoring of the effects of treatment and 3) knowledge about the biological variation of 

the component. 

Variable bias components become random errors over time 

It is important to distinguish between short-term (within day) bias and long-term 

(several months) bias. Many effects causing within-day bias become random effects in 

the long term. A good example is a calibration graph if it is remade every day (which is 

quite common in instrumental analysis). Within a given day the small deviations of the 

calibration graph from an “ideal calibration graph” affect all the samples in a systematic 

way. If such small deviations are different on different days then their effect becomes 

random in the long term. Therefore during extended periods (weeks and months) of 

observations many bias components vary and thus increasingly contribute to the 

random error component (intermediate precision) of the measurement uncertainty. 

This explains, why intermediate precision standard deviation is larger than repeatability 

standard deviation (if determined correctly): there are many effects that within a given 

day cause bias and are thus not taken into account by repeatability, but in the long term 

become random deviations and are thus incorporated into intermediate precision. This 

is illustrated in Figure 5. 
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Fig 5  

The longer the time period observed, the random error increases and the bias decreases. 

The reason is that some bias components become random over time. 

Observation periods lasting for months and years are common in healthcare. Provided 

clinically important and large bias components are reduced or eliminated, small bias 

components, e.g. caused by changes in reagent lots and re-calibration of measurement 

methods, will behave as random errors and routine methods for calculating 

measurement uncertainty based on random components can be used. In the following 

discussion of the bias, the bias does not refer to the within-day bias but to the long-term 

bias.  

Estimation of bias 

The availability of a suitable reference materials are crucial when embarking on the 

direct estimation of bias. It is mandatory that the material has the following properties: 

1) a concentration of the measurand known with sufficiently low uncertainty in 2) cover 

the clinically relevant concentration range and 3) an appropriate matrix for the method 

to be tested. The most common options are 1) certified reference materials (CRM), 2) 

natural patient samples, e.g. plasma, serum or urine measured using a reference method 

or 3) natural samples spiked with a known concentration of the analyte. Note that the 

reference material used to assess bias must be completely independent from the 
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material used for calibration of the instrument/method – see NOTE 6, 5.13 Reference 

Material in VIM [8]. 

Measurement bias can be estimated using one or more of the following principles: 

 Comparing the concentration found by laboratory’s own methods with the stated 

concentration of a suitable certified reference material. 

 Comparing the concentrations obtained by laboratory’s own method in natural 

samples with the concentrations measured by a reference method in the same 

sample. 

 Participating in proficiency testing schemes. The majority of these programs use 

consensus concentrations in modified control samples, but some use comparison 

with reference methods. Evidently the latter are preferable. 

 Measuring the recovery of the measurand in spiked natural samples 

 

In addition separate investigation of possible bias can be performed:  

 By comparing the serial dilution of a natural sample or that of a spiked natural 

sample with the serial dilution of the calibration curve. 

 Studying possible interferences, that is selectivity. Selectivity varies amongst 

different measurement methods and fields of study. In clinical chemistry the 

interferences by bilirubin, hemoglobin, lipids, proteins and drugs are most 

frequently occurring. Selectivity is “property of a measuring system, used with a 

specified measurement procedure, whereby it provides measured quantity 

values for one or more measurands such that the values of each measurand are 

independent of other measurands or other quantities in the phenomenon, body, 

or substance being investigated” [5]. 

If a certified reference material, not used in calibration, with optimal matrix properties is 

available, it is the best choice for estimating bias. Such materials are produced by 

recognized authorities according to high standards and is provided together with a 

certificate stating the reference value of the measurand (𝑦𝑜) and the uncertainty 

associated with the determination of the reference value. Certified reference materials in 

matrix appropriate for all relevant measurement methods are seldom available. Natural 

patient samples, preferably fresh and available in at least in two clinically relevant 

concentrations determined by a reference method or a mentor method are therefore 

frequently used in practice. A reference method or a reference measurement procedure 

is “procedure accepted as providing measurement results fit for their intended use in 

assessing measurement trueness of measured quantity values obtained from other 

measurement procedures for quantities of the same kind, in calibration, or in 

characterizing reference materials” [8].  

Due to cost or technical restraints, reference methods are available for only a few if any 

measurands even in university laboratories or in large commercial laboratories. The 

laboratories instead choose a method and a system in their organization as a mentor 

method [46] in their organization as an internal reference which e.g. can be used to 

measure bias between measurement methods and systems within the auspices of the 

laboratory. It is crucial that the persons responsible for the mentor methods have the 

appropriate knowledge, skills and interest in maintaining high quality and interest in 
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eliminating clinically important bias for all measurement methods and systems in their 

care. Optimal calibrators and stable materials for internal quality control materials 

should be used, the latter available in quantities for at least one year, preferably two 

years of use. The mentor method should preferably participate in two proficiency testing 

programs, one based on consensus values and the other based on reference method 

values – if available. Establishing and maintaining mentor methods in a laboratory 

organization enables the laboratory organization to estimate and minimize bias for all 

measurement methods for the same measurand using natural patient samples and 

therefore in the relevant sample matrix (see below).  

The bias is calculated for each reference sample as the mean of the test results, �̅� minus 

the reference value 𝑦𝑜; 𝐵𝑖𝑎𝑠 = �̅� − 𝑦𝑜 . A positive bias implies that too high results are 

reported on average. Bias is frequently expressed as the fraction of the reference 

concentration – the relative bias 

𝐵𝑖𝑎𝑠(𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒) =
�̅� − 𝑦𝑜

𝑦𝑜
 

or as percentage 

𝐵𝑖𝑎𝑠(%) =
�̅� − 𝑦𝑜

𝑦𝑜
 𝑥 100 

Two different kinds of bias are recognized: constant and proportional to the quantity 

value. Both can be assumed constant in a narrow concentration interval – the former 

expressed in an absolute values and the latter expressed in a relative values.  

Statistical evaluation of bias when certified reference materials or materials from reference 

methods/mentor methods are used 

Bias data obtained from internal or proficiency testing programs should not be used for 

calibration or secondary adjustment. However, they are essential for pointing out which 

methods or measurement systems are in need of calibration or secondary adjustment. 

When determining, which methods are in need of secondary adjustment, medical 

relevance has precedence over statistical significance. Minimizing bias e.g. for the 

concentrations of glycated hemoglobin and free calcium ions has much larger clinical 

significance compared to e.g. the activity of transaminases in medical decision making.  

The measuring method and system to be evaluated should have completed an 

appropriate process of validation or verification [46] and be in a stable state as judged 

by the results of internal quality control results [47-49].  

It is seldom practicable to detect a bias smaller than the standard deviation [50]. It is 

also impossible to detect a bias smaller than the uncertainty of the certified reference 

material used [50]. Information about the uncertainty of the certified reference material 

is a prerequisite for 1) determining the relation between the number of replicates 

needed and the minimum detectable bias, 2) test for bias and estimating its confidence 

interval [51].  
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It is important to make a sufficient number of replicate measurements in order to have 

adequate power to detect a bias important for the use of the method [50]. The 

calculations described below suppose that the power of the test should be 0.95. 

∆𝐷=

(𝑡
1−

0.95
2

+ 𝑡0.95) ∗ 𝑠

√𝑛
 

where 

∆𝐷=the bias to be detected 

𝑠 =the measurement standard deviation 

𝑛 = the number of replicate measurements 

𝑡 = Students t-value 

An iterative solution is required to calculate the number of observations when the 

standard deviation and bias are known since the t-value is dependent on the number of 

observations. 

For large number of replicate observations and known standard deviation (e.g. from 

measurement of stable control material), the t – value approaches z, the standard 

normal deviate [52]. 

∆𝐷=
(1.645 +  1.960) ∗ 𝜎

√𝑛
=

(3.605) ∗ 𝜎

√𝑛
 

𝑛 ≥ 3.6052 ∗ (
𝜎

∆𝐷
)

2

= 13 ∗ (
𝜎

∆𝐷
)

2

=
13

(
∆𝐷

𝜎 )
2 

Taking additional factors into consideration e.g. shows that 16 replicate measurements 

are needed to detect a bias equal to one standard deviation (Table 2). 

 
∆𝐷

𝜎
 0.5 0.6 0.7 0.8 0.9 1.0 1.5 2.0 2.5 3.0 

n 55 39 29 23 19 16 9 6 5 4 
 

Table 2. The number (n) of replicate observations needed to detect a bias ∆𝐷 expressed in 

the number of standard deviations 
∆𝐷

𝜎
 when the uncertainty in the reference materials can 

be disregarded. To detect a bias of one standard deviation 16 replicate measurements are 

needed when a confidence limit of 0.95 is required [50]. 

Considerably more statistically advanced methods are available for the estimation of 

bias and bias uncertainty [53, 54]. Practitioners of Clinical Chemistry have only applied 

these methods to a limited extent in favor of methods requiring less 

mathematics/statistics and focus on more hands- on practical approach. 
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To correct for bias or not, and by whom? 

Magnusson and Ellison [55] have emphasized that situations are common where bias is 

known but where specific corrections cannot be justified. They describe methods for 

proper treatment of uncorrected bias and for calculation of its uncertainty [55].  

Figure 6 presents the important aspects for deciding whether or not to correct for an 

observed bias [55, 56]. If correction for bias is justified then it must be decided whether 

the correction should be multiplicative or additive i.e. if the magnitude of the bias is 

constant or changes with the concentration level.  

There is no point in trying to eliminate or correct a small and clinically unimportant bias, 

since both elimination and correction need resources and may increase the 

measurement uncertainty. A small bias which is not eliminated should evidently be 

included in the calculation of measurement uncertainty as random error.  There are no 

clear guidance on how take into account an observed uncorrected bias as an uncertainty 

component in the uncertainty estimation. Several options are discussed and modelled in 

[55].  
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Figure 6  

Decision tree when considering whether to eliminate bias [56].  

MU = Measurement Uncertainty  
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If the bias is significant and eliminating bias is either impossible or impractical 

correcting for bias should be considered. There are three possibilities:  

1. Correction may be required. If so - correct.  

2. Correction can be forbidden. If so, do not correct and take the bias into account as 

an uncertainty component. 

3. Correction may be allowed. Then we will look at the four further criteria to 

determine whether correction is justified. 

a. If due to matrix effects amenable to secondary adjustment using e.g. 

mentor – adept methods 

b. If the cause of bias is not known then correcting is not recommended and 

it is more reasonable to include bias into the measurement uncertainty 

estimate. This is because if the cause of bias is not known then in our 

future results the bias may be absent and if we then correct then we may 

in fact have increased the bias. 

c. If bias cannot be reliably determined then do not correct for it, because if 

we correct the result with an unreliable bias estimate then we can make it 

less accurate than it would have been without correction. 

d. Correcting for bias is meaningful only if useful reduction of measurement 

uncertainty is achieved (considering that correcting, while removing bias, 

also introduces additional uncertainty). If useful uncertainty reduction is 

not achieved then bias correction is not justified. 

In clinical chemistry a medically important bias can and should be eliminated by 

modifying- by secondary adjustment the method. Going through this diagram/logic in 

clinical chemistry we can frequently answer yes to all of the questions above. 

Method bias  

Method bias  describes the common situation, in particular for immunoassays, where 

different epitopes (parts of the molecules intended to be measured) react with the 

antibodies used. Where macromolecules are involved, in particular where the epitopes 

of most substantial clinical interest have not been determined or agreed on, antisera 

from different producers commonly react with different epitopes. In these cases it is 

usually difficult and commonly impossible to design measurement methods and systems 

to measure the same concentrations in fresh patient samples even if the best possible 

methods of primary calibration are used [26].  

A particular challenge in clinical chemistry is that measurands including e.g. follitropin 

(FSH), lutropin (LH), human chorionic gonadotropin (HCG) and troponin I are present in 

different molecular forms in different clinical conditions.  

Interferences and matrix effects in the samples 

The sample matrix represents “the components of the sample other than the analyte” [1] 

and the matrix effect is “the combined effect of all components of the sample other than 

the analyte on the measurement of the measurand” [1]. The definition adds that “if a 

specific component can be identified as causing an effect then this is referred to as 

interference” [1].  
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Laboratories usually have practical routines for minimizing error caused by taking the 

sample, transporting it and in adding e.g. anticoagulants, enzyme inhibitors etc. 

Producers of measurement methods add substances that minimize the interference of 

e.g. hormone- binding proteins, autoanalyte antibodies and heterophilic antibodies. 

However, matrix effects may vary in samples from different patients and in particular in 

processed (e.g. de-fatted and lyophilized) control samples which through matrix effects 

result in different concentrations measured by different chemical and physiochemical 

measurement methods.  

Now when appropriate reference measurement system calibrators and methods have 

been widely applied, different measurement principles and matrix effects constitute the 

major causes of bias between measurement methods in clinical chemistry [57-59] 

(Figure 1). The introduction of enzymatic methodologies have e.g. substantially 

improved the measurement of e.g. creatinine, however at substantially higher cost than 

simpler direct chemical method. The most substantial current obstacles, however, 

remain in the field of immunochemistry where the producers use antibodies specific for 

different epitopes of the macromolecules to be measured. Even when the best 

internationally acknowledged calibrators are used for calibration the concentrations of 

measurands may differ substantially measured in patient samples with different 

methods.  

The importance of matrix effects in calibration and quality control are particularly 

evident in the fact that in proficiency testing programs where the same control materials 

results in so substantial differences in mean values between measurement methods and 

systems that the companies create different method- and system groups when reporting 

the data. Fortunately the bias between the measurement methods is commonly 

considerably smaller when a freshly taken natural patient sample is measured. Amongst 

the reasons for this is that the producers of the measurement methods and systems 

commonly use natural patient samples when calibrating their methods in relation to 

reference methods. This underscores the importance of using the most commutable (see 

below) materials when comparing measurement methods and systems, in particular in 

proficiency testing programs. 

Commutability 

Commutability is a qualitative concept describing to which extent reference 

materials/calibrators and control materials show matrix properties similar to those of 

fresh natural patient samples. Fresh natural patient samples therefore represent the 

ultimately commutable materials for comparing measurement methods in clinical 

chemistry [24, 25, 60-66]. Natural patient samples are widely used in the industry to 

make sure that commercially available measurement methods measure the same 

concentrations in natural patient samples as reference methods, thereby making sure 

there is an unbroken traceability chain from reference materials to the routinely used 

measurement procedures [16, 21, 62, 63, 65-67].  

Results from measurements in patients’ samples need to be unbiased by the 

measurement methods, systems, location and time of testing [63]. The most important 

factor in obtaining this goal is establishing, maintaining and general use of a reference 
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measuring system by which the result can be traced to a calibrator at a high metrological 

level [61].  

Commutability is also a highly desirable property of stable control materials used for 

internal quality control and proficiency testing programs during extended time periods, 

preferably 1-2 years. Commutability and stability are unfortunately opposite properties 

in this context since lipids are commonly removed and lyophilization frequently used for 

stabilizing the control materials, thereby substantially changing the matrix. Changed 

reference materials can, however, be commutable provided the factors changed do not 

constitute an influence or interference factor. 

The large number of patient samples processed every day in laboratories of clinical 

chemistry provide the laboratories with unique and steady supply of materials with 

optimal commutability properties for estimating measurement error at no cost. These 

materials are excellent when used for split-sample/mentor-adept schemes. The end 

users of the measurement methods and systems are the ones who are in possession of 

this invaluable asset and able to compare the measurement methods and systems from 

different producers. The end users are therefore in the position to complement the 

efforts of the different producers ensuring proper traceability through commutable 

materials of the reference measurement system all the way down to the measurement of 

a measurand in a patient sample.  

Split-sample/mentor-adept methods for bias estimation and elimination 
Fresh natural patient samples by definition constitute the sample materials with optimal 

commutability in clinical chemistry since measurands measured by different 

measurement methods and systems should have the same results in the same patient 

samples given the matrix effects found in natural patient samples [68].  

Patient samples must be fresh, properly stored and transported in order to maintain 

commutability. Using dedicated temperature-controlled transport and measurement 

within the same day is optimal, but not always practicable. Transport through ordinary 

mail with varying time in transport, especially in climates with variable temperatures 

run the risk of making natural patient samples inferior to stabilized control materials 

[69, 70].  

Interferences caused by hemolysis, hyperlipidemia, icterus and hyperproteinemia is 
usually evident and information about intake of drugs interfering in the measurements 
is usually available. The presence of matrix effects resulting in different concentrations 
using different measurement methods and systems is harder but not impossible to deal 
with. A mentor laboratory is appointed amongst laboratories sharing information 
technologies and leadership. It has particularly well controlled (participation in two 
separate proficiency schemes) methods and well educated and dedicated personnel 
responsible for calibration and quality control. After measurement in any of the other 
laboratories in the conglomerate, the sample is sent to the mentor laboratory (split 
sample technique) for analysis in order to measure the difference. In the long term the 
mean difference at a certain concentration is the bias [46]. Split-sample/mentor-adept 
methods in clinical chemistry are used for secondary adjustment [71] and/or for 
internal quality control – i.e. for long- time control that the results of the calibration are 
maintained [46] (Figure 6). 
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Is secondary adjustment necessary if reference measuring systems work properly? 

Theoretically the straight answer is no. The use of calibrators of the highest metrological 

quality with optimal matrix properties aided by commutable materials including fresh 

patient samples should solve all outstanding issues. However, in practice bias is 

common between measurement methods and systems from the same or different 

manufacturers. This is an evidence that reference measuring systems as yet do not fulfill 

all requirements.  

If bias is likely to influence clinical decisions, e.g. in the case of glycated hemoglobin, 

thyreotropin, prostate-specific antigen, ionized calcium etc. exchange of those 

measurement methods or systems showing the most substantial bias may be 

considered, if economically feasible, otherwise secondary adjustment should be 

considered. 

Secondary adjustment using fresh patient samples sent out 

In order of 20-40 fresh natural patient samples covering a clinically relevant interval of 

concentrations are sent from a central laboratory (mentor) to the measurement 

methods and systems subject to secondary adjustment (adept). When the samples have 

been measured by the adept-measurement method/system the linear relation between 

the results of the mentor and of the adept are fitted using orthogonal regression 

methods. This regression equation is then used, preferably in a dedicated computer 

interface for re-calculating the concentrations measured by the adept in order to result 

in concentrations devoid of bias in relation to the mentor.  

Alternatively, two samples pooled from several patients, spanning a clinically relevant 

concentration interval and both in sufficient volumes to permit at least 15 replicate 

measurements are used. The mean of at least 6 replicates [3, 72] can be determined a 

minute contribution from the random error. The equation of this straight line, using two 

points, can be used for secondary adjustment as described above. 

In clinical chemistry, there is need for end-user performed elimination of bias for 

measurement methods, especially when they are used for diagnosing and monitoring 

the effects of treatment using target limits for measurement uncertainty which are 

otherwise difficult to fulfil e.g. in diabetes, hyperlipidaemia and endocrinology [46, 59].  

There are guidelines for method comparison using patient samples, e.g. CLSI EP09-A3 

[2] and recommendation from the highest level of metrology (GUM) [4] to eliminate 

bias. However no authoritative guidelines on secondary adjustment have as yet 

appeared possibly because they may be considered difficult to reconcile with directives 

and regulations e.g. the EU In-vitro directive [15].  

Internal quality control using fresh patient samples sent in 

In this case the mentor sends samples that have already been measured by the 

method/measuring system to be controlled to the mentor. Having been measured by the 

mentor method/measuring system the adept concentration is compared to the mentor 

concentration and the absolute and/or the relative difference is calculated. When 

monitoring bias over time using graphs it is an advantage to normalize the results using 

the following equation, Normalized=((Adept-Mentor)/Mentor)*100. The results are 
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thereby expressed as percentage deviation from the 100% measured by the mentor. 

Changes of the bias over time can thereby be monitored using e.g. the Levey-Jenning plot 

[73, 74] in order to to detect trends. Linear regression- and bias plots complement the 

Levey-Jenning plot nicely showing the relation between bias and the measurement level 

expressed on absolute and relative scales. 

 

Figure 7 

A mentor (split sample) technique for quality control. The results of an adept laboratory 

are compared with a mentor laboratory when measuring the concentration of hemoglobin 

in whole blood. (A) A Levy–Jennings plot of the mentor results around the optimum of 

100%. Each horizontal line represents one SD. (B) A linear regression of the mentor 

concentrations (x-axis) compared to the adept concentrations (y-axis). (C) and (D) Bias 

plots of the absolute and relative deviation of the adept results [46]. 

Mentor-adept methods provide ideal data for partitioning overall measurement 

uncertainty by calculating components of variation using a top-down approach and 

analysis of variance/variance component analysis as originally suggested by Maroto et 

al. [75, 76]. The measurement method or system making the largest contribution to the 

overall measurement uncertainty may be identified in this manner and measures taken 

to minimize or eliminate the largest contributions to the overall measurement 

uncertainty. Several more elaborate calculation methods have been developed for this 

purpose [33, 49, 55, 77-90].  

There are, however, at least two important obstacles to the practice of patient-sample 

facilitated secondary adjustment within a laboratory organization. 1) If the end-user-

laboratories do their own secondary adjustment using fresh natural patient samples in 

order to minimize bias between measurement methods and systems from different 

manufacturers, it makes it difficult for the producers to shoulder their full responsibility 
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in relation to the authorities including the EU [15] and the FDA. Secondary adjustment 

may therefore challenge and possibly jeopardize certified measurement systems. 

Furthermore, each company will then lose an important tool for detecting bias between 

measurement method and systems of their own making and corresponding 

measurement methods and systems located elsewhere. 2) Organizations or companies 

organizing proficiency testing programs will find difficulties in grouping measurements 

methods in producer- and method – oriented categories if the users of the measurement 

methods perform patient-sample facilitated secondary adjustment.  

A mentor laboratory and its consequences 

The bias of the mentor laboratory itself for a certain measurand should be judged by the 

principles applied for accreditation and proficiency testing. The laboratories currently 

applying the mentor-adept principles are usually accredited according to ISO 17025 or 

ISO 15189 the principle for bias-minimization has been accepted by the accreditation 

authorities. There is no other particular certification, and hardly any need for one, given 

accreditation and regular external inspections. 

Among the consequences of implementing mentor-adept quality-control principles in a 

conglomerate of laboratories is that since the adept laboratories are regularly controlled 

by commutable control materials (fresh patient samples) the adept laboratories may not 

themselves need to participate in external quality control/proficiency testing schemes 

since their mentor laboratory participates. This may reduce costs but risks isolating the 

adept laboratories from the community of laboratories participating in regular external 

quality control/proficiency testing schemes. 

Bias in total error and uncertainty approaches  

Two different perspectives are commonly applied when describing measurement 

methods 1) focusing on the "total error" (measure of a combination of random- and 

systematic error), 2) focusing on the uncertainty of the results obtained by the 

measurement methods. We will for the sake of convenience call the former "total error 

approach" and the latter "uncertainty approach". The total error approach has been 

widely adopted in clinical chemistry in English speaking countries and also in Germany 

in a special form (RiLi-BAEK) (see below).  

With time total error and uncertainty approaches have converged, as aptly explained by 

Rozet at al. [91]. 

Uncertainty approach  

Measurement uncertainty encloses the interval of measurement results within which 

the true value of the measured quantity lies with a given probability. In contrast to total 

error methods approaches, uncertainty is primarily important for the users of the 

measurement results and is amongst the main determinants of its fitness for a particular 

purpose, e.g. in healthcare.   

𝑈 = 𝑘 ∗ 𝑢𝑐  

Where 

U= expanded measurement uncertainty 
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uc= combined standard uncertainty 

k=coverage factor 

 

The principles of general metrology including the principles of expressing measurement 

uncertainty [4, 82] are increasingly being adopted in clinical chemistry around the 

world. The uncertainty methods regard the properties of a measurement method or a 

group of measurement methods in the perspective of the users of the measurement 

results rather than in the perspective of the laboratory. The expression of uncertainty in 

clinical chemistry aims to aid the user in making informed decisions on e.g. whether a 

treatment has had or is having sufficient quantitative effects. 

GUM [4] defines the concepts, terms, practical performance of the calculations of 

measurement uncertainties. It unifies the many approaches earlier used in different 

fields of metrology for expressing measurement uncertainty.  

Total error approach 

According to its original definition, one- sided total error (TE) is the absolute value of 

the bias plus sample estimate of two standard deviations [5, 92]: 

𝑇𝐸 = |𝐵𝑖𝑎𝑠| + 2 ∗ 𝑠  

It has later [93] been broadened to the following more general expression  

𝑇𝐸 = |𝐵𝑖𝑎𝑠| + 𝑍 ∗ 𝑠 

where s is the sample standard deviation observed during validation or verification 

studies Z may be decided to be between 2 and 6 depending on the purpose. “Most 

commonly, a Z-value of 2 is used in the reports from peer comparison programs, 

whereas in method validation studies, multiple values can be considered” [93]. TE 

serves as measurement quality requirement for single measurement methods and sets 

an upper limit of the interval of the combination of the imprecision and bias tolerable in 

a single measurement.  

The total error approach in its original form adds standard deviation and the bias 

directly (Figur 8) to get the total error whereas the established principles of uncertainty 

calculation in metrology add the squares of the imprecision and take the square root of 

the sum of squares according to the Pythagorean Theorem. 

 

Figure 8  

Combining components of uncertainty: a) the total error concept where the components 

are added linearly, b) the uncertainty concept including RiLi-BAEK where the components 

Total error concept

u(Bias)

2 SD

2 SDBias

A B
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are added as variances (squared components) as in the pythagorean theorem. The bias for 

the total error concept is the measured bias and for the uncertainty concept is the u(bias) 

which is any uncertainty of the bias component including. 

A further broadening of the concept of TE toward the uncertainty concept is its use in 

proficiency testing programs to calculate the total error on the basis of the intermediate 

precision (SDRW) and the bias observed on internal quality control materials or materials 

for proficiency testing programs [93]. The shortest observation period is commonly at 

least 6 months using lab’s mean versus some overall mean for a method subgroup or the 

mean from the total peer group.  

The total error is intended to be predictive of the variation expected in the test results 

used in diagnosing diseases and monitoring treatment results. Used in this way the 

“total error” calculations are similar to the “bottom up” calculation of measurement 

uncertainty with one crucial difference: measurement uncertainty methods demand that 

known bias is eliminated whereas total error approaches incorporate bias. 

Incorporating bias in the calculation of the total error is also inherent in the approaches 

described by Krouwer [94-98]. The CLSI standard EP21-A, of which Krouwer is the main 

author [99], presents a well - developed view of the concept of total error and a number 

of alternative methods for calculating it. As described it is quite close to the uncertainty 

concept. 

When Westgard et al. [5] in 1974 introduced the concept of total error, the purpose was 

to present a quantitative method “to judge whether an analytical method has acceptable 

precision and accuracy”. The authors recommended that the acceptability of the 

performance of a method should be judged by comparing its observed total error (TAE) 

to the size of a defined allowable total error (ATE). These initiative was a response to the 

then common practice in laboratories to consider imprecision and bias as components 

of error whose acceptability sometimes were evaluated separately. Especially when the 

laboratories decreased or even stopped making replicate measurements altogether, it 

was important to focus on the importance of the bias in the acceptability of the method 

itself.  

 

Figure 9 
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 The “total error” (TE) = total error of a measurement method as originally defined by 

Westgard et al. [5]. 

Evidently 𝑇𝐸 = |𝐵𝑖𝑎𝑠| + 2 ∗ 𝑠 is larger than |𝐵𝑖𝑎𝑠| + 1.65 ∗ 𝑠 which represents the 

absolute value of the bias and one-sided estimate of the 95 % confidence limit for the 

random error. The American Food and Drug Administration (FDA) has adopted the total 

error name and modified it to mean 𝑇𝐸 = |𝐵𝑖𝑎𝑠| + 1.65 ∗ 𝑠 [9] thus bringing it one step 

nearer to the international concepts of uncertainty and GUM. This has also been 

accepted by Westgard et al. the originators of the concept [92].  

If the bias for a measurement method or system is known, it is difficult to see the logic in 

including it in the calculation of the total error rather than eliminating it by re-

calibration. If – on the hand – the bias cannot be determined, it is unknown and cannot 

be eliminated.  

Another complication of adding the bias to the imprecision in the calculation of the total 

error is that the bias is a scalar whereas the imprecision is an expression of a probability 

distribution of random errors. They are of two different dimensions and adding them in 

a total error therefore means losing the possibility of using total error for estimating the 

uncertainty of individual results.   

The total error approach as originally conceived does not focus on describing a 

confidence interval or giving solid technical guidance on the clinical acceptability of 

individual methods. Total error of methods can be used to compare the performance of 

methods and measuring systems and provide a ranking tool for inter-laboratory 

comparison or comparison with analytical goals calculated and expressed in the same 

way. Total error methods basically address the question “how should the laboratory 

define the quality goal?“ [92].  

Laboratories increasingly focus on the perspectives and needs of the end users (in 

clinical chemistry the patients and the health care personnel), uncertainty perspectives 

applied in medical practice gain increased relevance. A particular feature of the 

uncertainty concept is that it can be used to describe both the performance of a 

measuring system and the single, individual value.  

RiLi-BAEK (Richtlinien der Bundesärztekammer) 

RiLi-BAEK are the Guidelines ("Rili") of the German Federal Medical Council 
(Bundesärztekammer) (BÄK), now available in the 2013 version [6]. Similar to the CLIA 
limits in the US, they set minimum requirements for the quality of quantitative test 
results in medical laboratories. The approach and principles used by RiLi-BAEK are very 
similar to the total error concepts although the methods for calculating the total error 
differ somewhat [6, 100]. The RiLi-BAEK guidelines govern medical devices in 
laboratory medicine in Germany are tied to the European IVD directive and the ISO 
standards e. g. 15189. They are therefore not only a list of upper limits for total 
measurement error but stipulate an approach for quality control, quality improvements 
and accreditation of laboratories. In the view of the present authors it would be more 
appropriate to base the criteria primarily on the fitness of purpose for patients and 
health-care workers. 

∆𝑚𝑎𝑥= √𝑘2 ∗ 𝑠2 + 𝐵𝑖𝑎𝑠2 
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Where 

∆𝑚𝑎𝑥=Maximum allowable error when measuring a control sample 

s = standard deviation 

k = a statistical coverage factor which depends on the purpose 

Bias = mean concentration measured in the control samples - target value of the control 

sample provided by its manufacturer 

 

RiLi-BAEK appears to have  inherited its technical focus on the upper limit of 

measurement uncertainty from the initial total error approach [5, 92] and from the 

FDA[9]. It has at the same time embraced the principles for error calculation and 

uncertainty estimation from the GUM [4] and other authorities in metrology. 

 

Total error and similar approaches reporting and setting limits are evidently suitable for 

situations where a single measurement method is used for monitoring the 

concentrations of a measurand over time in a patient, e.g. a measurement method for 

self-monitoring of glucose. However, when samples from the same patient during 

extended periods of monitoring are measured using several different measurement 

methods and systems in different laboratories bias between measurement methods 

becomes increasingly important for the uncertainty affecting the clinical decisions. In 

this case attempts to eliminate bias become more crucial and more advanced models for 

calculating uncertainty are needed [46, 101].  

Conclusion 

Uncertainty of the high-volume measurement methods in clinical chemistry has 

decreased substantially with the advent of highly automated measurement methods and 

reference measurement systems during the last five decades. The effect of the 

repeatability and day-to-day variation on the overall uncertainty has decreased 

substantially but bias to a less degree. 

Reference measurement methods and commutable reference materials constitute the 

foundations of all efforts for eliminating bias and reducing measurement uncertainty in 

clinical chemistry. Internationally the bias in clinical chemistry has been addressed by 

several important organizations and projects including e.g. The Joint Committee for 

Traceability in Laboratory Medicine (JCTLM) and The American Association of Clinical 

Chemistry (AACC). Despite their widespread use, important challenges remain for the 

end-users due to remaining bias between measurement methods and systems from 

different and or the same manufacturers. This is particularly evident for 

immunochemical methods specific for different epitopes of the molecules measured. 

In clinical chemistry the end users have an abundant supply of the optimal commutable 

material useful for minimizing bias – fresh patient samples. Split-sample/mentor-adept 

methods combined with secondary adjustments are optimal for reducing any remaining 

clinically important bias in particular in conglomerates of laboratories measuring 

samples from the same patient.  
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