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A B S T R A C T   

Inconsistent quantification results obtained from various analytical methods for food allergen testing hamper an 
accurate quantitative risk assessment and its regulatory implementation. In order to overcome such problems, a 
concept aiming at ensuring the comparability of quantitative food allergen measurement results is presented 
here. It is based on an approach called reference measurement system for food allergens, which uses a commonly 
agreed reference, namely the ‘mass fraction of total protein of the allergenic ingredient in food’. The necessary 
system components are outlined, consisting of a primary reference measurement method, a certified reference 
material and a reference laboratory. This metrology-based concept can be applied to quantify various food al-
lergens determined with different analytical procedures. The example of ’milk in cookies’ is used to demonstrate 
the approach.   

1. Introduction 

Food allergies cause significant public health concern affecting 
approximately 5 to 7 % of children and 1 to 2 % of adults worldwide 
(Ballmer-Weber et al., 2015). Currently, the only remedy for affected 
individuals is to avoid certain food containing ingredients to which they 
are allergic. Therefore, the appropriate labelling of food allergens is 
essential for protecting people with food allergies. 

The General Food Law (Regulation (EC) No 178, 2002) of the Eu-
ropean Union requires food business operators to implement appro-
priate risk assessment and risk management procedures to ensure that 
food placed on the market is safe. In the context of food allergens, in 
Europe it is mandatory to label the presence of fourteen food products or 
substances potentially causing allergies or intolerances when used as 
ingredients (Regulation (EU) No 1169, 2011). In some instances, food 
business operators may be unable to avoid and/or to mitigate the un-
intended presence of these allergens. In these cases, they can use 
voluntary ‘precautionary allergen labelling’ (PAL) as a communication 
and risk management tool. Regulation (EU) No 1169/2011 (2011) 
provides the legal basis for using PAL. It states that “voluntary informa-
tion shall not be ambiguous or confusing for the consumer, and shall be based 
on the relevant scientific data”. However, there is still no specific guidance 
on the application of PAL, hence resulting in its diverse and inconsistent 

use. Consequently, consumers with food allergies lose trust in PAL, 
making it less effective in protecting them from food allergens (Soon & 
Manning, 2017). 

Recently, progress has been made to standardise quantitative risk 
assessment processes and the use of PAL (Remington et al., 2022; WHO/ 
FAO, 2021a, 2021b). However, these advances depend on the avail-
ability of ‘comparable measurement results’ for the allergen content of 
food. Comparability requires data availability for the same ‘quantifica-
tion parameter’ for the investigated allergen. In 2017, several European 
stakeholders including health professionals, food allergy consumer or-
ganizations, food industry risk assessors and the food allergen testing 
community agreed to report the analytical results as “mass of total protein 
of the allergenic food ingredient per mass of food”, expressed in mg kg− 1 

(O’Connor & Ulberth, 2017). This “quantity intended to be measured”, 
referred to as the ‘measurand’ in the International Vocabulary of 
Metrology (JCGM 200, 2012), can then be directly used to assess food 
safety. 

Agreeing on such a common measurand for risk assessment and risk 
management of food allergens is crucial for obtaining comparable data. 
However, transforming analytical data derived from different mea-
surement procedures and/or different measurement principles into this 
common measurand is a major challenge for food allergen analysis. At 
present, measurement results are obtained using various types of 
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immunoassays, PCR (polymerase chain reaction) or mass spectrometric 
methods. None of these measurement principles can directly measure 
(quantify, count or weigh) the ‘total protein derived from the allergenic 
food ingredient’. The entities actually measured are various epitopes, 
DNA fragments, individual proteins or peptides. Moreover, the agreed 
common measurand is a ‘sum parameter’, namely the sum of masses of 
various protein molecules from an ingredient, such as milk or egg, in the 
food sample. Therefore, the measurement data must be converted into 
the ‘mass of total protein of the allergenic ingredient per mass of food’, 
which requires a relationship between the parameters measured by the 
analytical method and the agreed measurand necessary for decision- 
making. 

This manuscript outlines how food allergen contents derived from 
different analytical methods can be made comparable and expressed as 
the ‘mass fraction of total protein of the allergenic ingredient in food, in 
mg kg− 1′ to enable consistent quantitative risk assessment. The case of 
‘milk in cookies’ is illustrated as an example, while issues related to 
other allergens are discussed further. 

2. The concept 

Establishing meaningful decision thresholds or ranges for the 
allergen content of foodstuff to assess related consumer risks require 
comparable analytical data. In this context, comparability means that 
measurement results are metrologically traceable to the same reference, 
a common end-point against which values can be compared. When all 
measurement results are expressed as ‘mass of total protein of the 
allergenic food ingredient per mass of food’, the reported results become 
traceable to this reference. 

Metrological traceability has been defined as “the property of a mea-
surement result whereby the result can be related to a reference through a 
documented unbroken chain of calibrations, each contributing to the mea-
surement uncertainty” (JCGM 200, 2012). However, the implementation 
of such a ‘chain of calibrations’ in allergen analysis is challenging due to 
the use of various surrogate analytes instead of proteins and the appli-
cation of different analytical techniques in practice. 

A specific challenge arises due to the definition of the common 
measurand. Similar to other sum parameters in food chemistry, such as 
‘fat content’, one could harmonise the ‘what is measured’ in allergen 
analysis by agreeing on the ‘how to measure’. In metrology, such a 
protocol is called a ‘reference measurement procedure’ (JCGM 200, 
2012). However, a metrological description of the method specifications 
for quantifying a food allergen could be challenging to implement by 
many field laboratories in the food control sector. Therefore, additional 
supporting tools are needed: reference materials for calibration, well- 
documented procedures, and conversion factors to transform data 
from the measured analytical target to the commonly agreed 
measurand. 

In the early 90s, the community of clinical chemistry and laboratory 
medicine introduced the concept of ‘reference measurement systems’ 
(RMS) for analytes such as enzymes and other proteins. More recently, 
De Bièvre et al. (2011) have summarised various generic approaches for 
establishing metrological traceability of measurement results in chem-
istry and included several examples of reference measurement proced-
ures. According to ISO 17511 (2020), an RMS consists of (i) a definition 
of the measurand, (ii) a reference measurement procedure, (iii) a 
reference material and (iv) one or more laboratories providing reference 
measurement services, so-called reference measurement laboratories. 

The RMS for food allergen analysis proposed in this manuscript will 
allow the expression of results derived from different measurement 
procedures in a common measurand, such as ‘mass fraction of total 
protein of the allergenic ingredient in food’. This requires several con-
ventions to be established and agreed upon by the scientific community. 
At first, a calibration hierarchy has to be developed to define the route 
(or metrological traceability chain) to be followed from the analytical 
data obtained by the measurement procedure used to the highest 

available metrological reference or end-point included in the proposed 
RMS and represented by the measurand in Fig. 1. 

The practical realisation of the measurand, defined as ‘mass fraction 
of total protein of the allergenic ingredient in food’, is achieved by using 
a primary ‘reference measurement procedure’ for assigning a value for 
the measurand to an adequately homogeneous and stable material. This 
material may result in a certified reference material (CRM) with a well- 
established assigned property value with stated uncertainty (ISO Guide 
30, 2015). This CRM would become the ‘primary calibrant’ with the 
highest metrological order containing the measurand of interest. 

The implementation and execution of a reference measurement 
procedure are often time-consuming, expensive and difficult to perform 
because the objective is to obtain highly accurate results with the 
smallest achievable measurement uncertainties. That is why reference 
measurement procedures are usually developed and applied by only a 
few reference measurement laboratories. Such procedures are not 
designed for routine laboratories but serve as a standard against which 
other analytical procedures can be evaluated. 

Unfortunately, reference materials (or materials labelled as such) 
have been extensively misused in the allergen community so far. For 
example, materials that were only characterised (and even certified) for 
the content of components not related to allergens were used as common 
controls for protein measurements. Similarly, laboratories used other 
matrix materials spiked with unrealistically large amounts of proteins or 
subjected to severe heat treatments (Abbott et al., 2010; Lacorn & 
Immer, 2011). Such practices were often rooted in misunderstandings 
regarding the proper measurand and/or the interrelation between the 
intended use of the reference material in the measurement process (e.g., 
calibration, trueness control, intra- or inter-laboratory quality controls) 
and the corresponding material characteristics. 

The highest order CRM would serve as a calibrant for other ‘sec-
ondary measurement procedures’ also used outside the reference mea-
surement laboratory and will allow the characterisation of the next 
order calibrants (see Fig. 1). It is important to remember that field 
laboratories may use a variety of procedures based on similar or 
different measurement principles. The ‘secondary calibrants’ used by 
the manufacturers of the allergen test kits or by the analytical labora-
tories for calibration and verification of the performance characteristics 
of their methods should have the characteristics of a reference material 
mentioned above. 

In the concept illustrated by Fig. 1 the metrological traceability of the 
measurement result is established via a sequence of calibration and 
value assignment steps to reach the common reference, namely ‘the 
measurand’. As expected, each of these steps contributes to (and 
therefore increases) the measurement uncertainty of the final test result. 

3. Case study: Milk 

The metrological traceability and calibration hierarchy concepts for 
food allergen measurements presented above are applied hereafter to 
determine the ‘mass fraction of total milk protein in cookies’ (the 
measurand). 

The Joint Research Centre (JRC) of the European Commission 
developed a dedicated reference measurement procedure (Martinez- 
Esteso et al., 2020) for this measurand, based on the quantification of 
eleven peptides by liquid chromatography-mass spectrometry (see 
Fig. 2). In this context, Nitride et al. (2019) have optimised the extrac-
tion and digestion steps that were considered critical. In addition, 
Martinez-Esteso et al. (2020) demonstrated that complete protein 
digestion was achieved and that the variability of the extraction yield 
was within the uncertainty of the measurement results. While the 
metrological traceability of the reported result to the SI unit ‘mole’ was 
ensured by the well-characterised synthetic peptides used for calibra-
tion, certain conversion factors (conventions) were necessary to convert 
the peptide contents measured into the agreed measurand, namely ‘mass 
fraction of total milk protein in cookies’. Hence, the contribution of the 
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protein molar masses and the protein compositions of milk described in 
the literature were considered when calculating the total (combined) 
uncertainty of the measurement results (Breidbach et al., 2022). 

Subsequently, this reference measurement procedure was success-
fully applied to assign the reference value for the allergen content in a 
proficiency test item (Cordeiro et al., 2021). It will be further used for 
the characterisation of a processed reference material to be certified for 
the ‘mass fraction of total milk protein in cookies’. The resulting CRM is 
intended to serve as the highest order CRM (see Fig. 1) for the analysis of 
matrix samples containing whole milk powder and should allow the 
calibration of other measurement procedures, such as an ELISA test kit 
(see Fig. 3). This should enable the reporting of measurement results for 
the content of milk protein in food from different routine tests expressed 
as the same measurand. Thereby, a meaningful comparison of mea-
surement results would be possible. 

The calibration hierarchy illustrated in Fig. 3 can be extended to 
other measurement tasks that involve a reference measurement pro-
cedure and its corresponding CRM. 

4. Considerations for other allergens 

The general concept of a calibration hierarchy depicted in Fig. 1 also 
applies to other food allergens and is necessary to ensure comparable 
measurement results. However, a better knowledge of the protein 
composition of various food ingredients and their potential biochemical 
modifications (altering their composition or structure) is required to 
derive reliable conversion factors that will also impact the uncertainty 
associated with the certified value of the primary CRM. 

In this context, the case of total hen’s egg protein illustrates well the 
complexity of food allergen quantification. According to Kovacs-Nolan 
et al. (2005), the total mass of egg comprises approximately 12 % m/m 
of proteins, which are distributed in the egg yolk and the egg white, with 
a smaller portion in the shell and the membrane. Ovalbumin, ovo-
transferrin and ovomucoid are the three major components (ca. 77 % m/ 
m) of the total protein in egg white, with ten other less abundant pro-
teins mentioned in the literature. Similarly, the three main components 
(about 77 % m/m) of the total protein in egg yolk are spovitellenin (I- 
VI), ɑ–lipovitellin and β-lipovitellin. However, due to the limitations of 
the currently available analytical techniques, the accurate quantifica-
tion of low-abundance proteins is not achievable. 

Fig. 1. Suggested scheme for a calibration hierarchy and establishing metrological traceability.  
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Therefore, the sum approach outlined by Martinez-Esteso et al. 
(2020) for the milk ‘reference measurement procedure’ cannot be 
applied. However, an alternative approach using the conversion factors 
could be developed. For this, the allergen community needs to select and 
agree on several analytical markers for egg (e.g., ovalbumin and spo-
vitellenin) and has to determine the corresponding conversion factors 

that should be used to quantify the mass fractions of ‘total egg protein’. 
The combined uncertainty associated with this approach would include 
contributions from the uncertainties of the conversion factors. 

A challenge in selecting appropriate egg markers arises from the food 
industry’s standard practice of incorporating only egg white, instead of 
the whole egg, in their recipes. This could lead to an overestimation of 

Fig. 2. Workflow of the reference measurement procedure to determine the ‘mass fraction of total milk protein in cookies’, adapted from Martinez-Esteso 
et al. (2020). 

Fig. 3. Metrological traceability chain for routine measurement results on the content of total milk protein in cookies as proposed here; reference measurement 
procedure as published by Martinez-Esteso et al. (2020). 
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the total egg protein content by a laboratory analysing such food sam-
ples with an egg-white specific ELISA test kit, as it may wrongly assume 
the presence of egg yolk (Nguyen et al., 2019). However, if the same 
laboratory would use an ELISA test kit targeting an egg yolk specific 
protein, they may conclude that no egg is present in the same food 
samples. Therefore, the food analyst must know the food ingredients (or 
potential contaminants) used. 

When selecting the analytical target(s) for the food ingredient of 
concern or its relevant constituents, such as egg white and yolk, their 
stability under anticipated food processing conditions and their perti-
nent analytical behaviour must also be considered. For instance, 
research has demonstrated that egg proteins extracted from tempered 
chocolate exhibit a lower affinity to antibodies generated with raw egg 
proteins when compared to antibodies produced against boiled egg 
white, boiled ovomucoid and boiled ovalbumin (Khuda et al., 2015). 
This indicates that thermal processing may affect the design and appli-
cation of immunological methods for protein quantification. 

To sum up, additional studies are necessary to establish a correlation 
between a measurable quantity and the common measurand based on 
the parameter ‘total protein’ for the other food allergens. The scientific 
community needs to investigate further the protein composition of the 
relevant food ingredients, considering their biological variability, and 
identify relevant analytical targets that could withstand different food 
processing conditions. This data would enable reference measurement 
laboratories to develop the necessary reference measurement proced-
ures and to produce the corresponding CRMs essential for establishing 
customised RMSs. 

5. Conclusions 

It is essential to establish common end-points for the metrological 
traceability chains for each allergen measurement to address the current 
issue of non-comparable data on the allergen content of food. These end- 
points can be realised via dedicated reference measurement procedures 
(executed by reference measurement laboratories) and tailored CRMs. 
The design and application of such a RMS has been successfully 
demonstrated for the potentially allergenic food ingredient ‘milk’ using 
a dedicated multiple protein calibration regime with an LC-MS 
approach. 

Implementation of a common allergen measurand defined as ‘mass 
fraction of total protein of the allergenic ingredient in food’ is chal-
lenging. It requires in-depth knowledge of the structures of the targeted 
proteins, their biological variability (e.g. seasonal, geographical or an-
imal species), and their quantitative composition in the food ingredients. 
Hence, systematic research should be conducted before developing 
similar reference measurement systems for other food allergens. 

A concerted effort is necessary between reference and testing labo-
ratories, reference material producers and manufacturers of commercial 
allergen test kits to ensure that the approach described in this manu-
script is effectively implemented and that the measurement results for 
food allergen analysis are comparable. 
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