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Abstract

Specific and sensitive analytical methods are needed to guarantee the safety of gluten-free products for coeliac disease
patients at the threshold of 20 mg gluten/kg. Immuno-chromatographic assays, usually available in dip-stick or
lateral-flow format, provide rapid qualitative results indicating the presence or absence of gluten. In September 2015,
an AOAC expert review panel accepted the qualitative immuno-chromatographic dip-stick system RIDA®QUICK
Gliadin as an AOAC Official MethodSM of Analysis First Action 2015.16 for detection of gluten in corn-based food
products. One part of the required validation was an international collaborative study with 18 participants who
analysed 8 different processed and non-processed samples with different gluten concentrations. Since the official
statistical evaluation at AOAC does not provide a calculation of: (1) the concentration and its prediction interval
from which a user expects a positive result; and (2) what a negative result means, a new statistical approach was used.
The method for modelling the probability of detection (POD) curve and confidence intervals of the LOD95 used a
generalised linear mixed effects model together with a 4-parameter sigmoid curve to describe the variability of the
POD curves for randomly chosen laboratories beyond those that participated in the study. The results confirmed
that, in case of a positive result, a non-processed sample contains a minimum of 4.54 mg gluten/kg (prediction
range 3.59-5.74 mg/kg) while a processed sample contains more than 6.29 mg gluten/kg (prediction range 3.88-
10.20 mg/kg). Therefore, the method is able to identify negative samples clearly below the threshold of 20 mg
gluten/kg which is a prerequisite for gluten testing in food.
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1. Introduction

The consumption of wheat, rye or barley may lead to
gluten-related disorders such as wheat allergy, non-
coeliac gluten sensitivity and coeliac disease (CD) with
estimated prevalences of 0.5-4%, 1-6% and 1% in Caucasian
populations, respectively (Lionetti et al., 2015; Scherf et
al., 2016; Schuppan et al., 2015; Sicherer and Sampson,
2014). CD, one of the most common chronic digestive
disorders, may be defined as a ‘small intestinal immune-
mediated enteropathy precipitated by exposure to dietary
gluten in genetically predisposed individuals’ (Ludvigsson
et al., 2013). In the context of CD, gluten is the protein
fraction from wheat, rye, barley, oats or their crossbred

varieties and derivatives thereof, to which some persons
are intolerant and that is insoluble in water and 0.5 mol/l
NaCl (Codex Standard 118-1979; FAO/WHO, 2015). Gluten
proteins are the storage proteins of cereal grains and can
be divided into the alcohol-soluble prolamin fraction
and the alcohol-insoluble glutelin fraction, which is only
soluble after addition of reducing and disaggregating agents.
The prolamin content of gluten is generally taken as 50%
(Codex Standard 118-1979; FAO/WHO, 2015). Although
oats is part of the Codex definition of gluten, this crop is
considered safe for the vast majority of persons intolerant
to gluten, if it is not contaminated with other gluten-
containing cereals (Thompson, 2003). Despite extensive
research into alternative therapies, the only known effective
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treatment for CD is a lifelong gluten-free diet (Plugis and
Khosla, 2015). CD patients are advised not to exceed a total
daily intake of 20 mg gluten and this level is reflected by
the regulatory threshold of 20 mg gluten/kg for making
a gluten-free claim on a product (EC, 2009; FAO/WHO,
2015; FDA, 2013; Health Canada, 2012).

Specific and sensitive analytical methods are necessary
to ensure quality control and compliance testing and
immunochemical methods are most commonly used in
routine analysis (Scherf and Poms, 2016). An example is
described in Bugyi et al. (2013). The sandwich ELISA based
on the R5 monoclonal antibody (Valdes et al., 2003) for
the detection of intact gluten was laid down as a Codex
Alimentarius type 1 method for the analysis of gluten
(Codex Standard 234-1999; FAO/WHO, 2013) and has been
adopted as official or approved method both by the AOAC
International (Immer and Haas-Lauterbach, 2012) and the
AACC International (Koehler et al., 2013a). A competitive
R5 ELISA for the detection of partially hydrolysed gluten has
also been validated by both standardisation organisations
(Koehler et al., 2013b; Lacorn and Weiss, 2015). Raised
against rye w-secalins, the R5 antibody primarily recognises
the epitope QQPFP, which is present in wheat gliadins, rye
secalins and barley hordeins and part of many CD-toxic or
-immunogenic peptides (Kahlenberg et al., 2006; Osman
et al., 2001; Tye-Din et al., 2010).

The immuno-chromatographic dip-stick system
RIDA®QUICK Gliadin based on the R5 antibody provides
rapid, qualitative results indicating the presence or absence
of gluten. It may be used as a swab test of potentially
contaminated surfaces and production sites and to check
for gluten contamination of raw or processed materials.
The samples are extracted either by 60% ethanol for raw
materials or by Cocktail (patented; W0O/2002/092633)
(Garcia et al., 2005) for processed foods. The resulting
supernatant is analysed within 5 min followed by visual
evaluation of the test and control lines on the dip-stick. The
system was developed to detect gluten clearly below the
threshold of 20 mg/kg and shows no high-dose hook effect.

To validate the suitability of the R5 dip-stick for
qualitative gluten detection in raw and processed foods
an international collaborative study was set up with 18
participating laboratories. As the first study of its kind
in the field of food analysis, the general outline followed
the AOAC guidelines for validation of qualitative binary
chemistry methods (AOAC, 2013, Appendix N). Because
this guideline only describes a ‘reproducibility of probability
of detection (POD) values’ and not the actual reproducibility
of concentrations, this paper uses a new statistical approach
published by Uhlig ez al. (2015a). This new approach enables
the prediction of a range of concentrations where the POD
is 0.95 and thus equivalent to a limit of detection (LOD)

for quantitative methods. The term LOD95 is used for this
concentration throughout the entire paper.

2. Materials and methods
Study design

The result of a (true) qualitative method is always either a
‘yes” or ‘no” answer. The main challenge for the validation
of such a method is the low amount of information per
sample after analysis compared to a quantitative method
(AOAC, 2002, Appendix D; Sykes et al., 2014), which always
results in a number for the measurement signal of each
sample. Therefore, a high number of replicates have to
be analysed for qualitative methods. From these results, a
POD is calculated for each sample as the ratio between the
number of positive results and the total number of replicates
per concentration. For a blank sample the POD should
be zero while a POD=1 is expected for a positive sample.
Within a small range of concentrations, results between 0
and 1 will be obtained, e.g. POD=0.6 for 6 positive samples
out of 10 analyses samples. This concentration range can
be described as the fractional range of the method.

Before analysing the blind-coded samples, each participant
was asked to perform checks for contamination of surfaces
and buffers in their laboratories and to become familiar
with the test method by using commercially available check
samples with known concentrations. Both procedures are
necessary because the qualitative nature of the result makes
a later check for sample mix-up or improper performance
during extraction or testing very difficult or even impossible.
Additionally, a training video on how to accurately conduct
the test procedure was provided to each participant.

The collaborative study was split into two parts (A and
B) to prevent mix-up of samples and procedures due to
different extraction procedures for processed (part B) and
non-processed samples (part A). The total number of 40
samples (10 replicates for each concentration) per part was
a compromise between the number of replicates and the
number of concentration levels on the one hand and the
number of samples which a participant could manage within
an acceptable time on the other hand. This compromise
was partly compensated for by the high number of 18
participants (see ‘Acknowledgements’). Each blind-coded
sample was extracted once and analysed according to
the test kit instruction. In total, 80 samples had to be
analysed by each laboratory. Each sample had to be marked
positive or negative or invalid. In case of an invalid result
(missing control line or incomplete target line), retesting
of the sample was requested. All results obtained by visual
inspection had to be recorded in a ready-to-use Excel sheet
(Microsoft, Redmond, WA, USA). The final data from the
laboratories were sent to the study coordinator.
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Collaborative study samples

The following samples were prepared for part A of the
collaborative study:

1. corn flour, containing gluten at 1.8 mg/kg;

2. corn flour, containing gluten at 4.8 mg/kg;

3. corn flour, containing gluten at 11.0 mg/kg;

4. corn flour, containing gluten at 18.8 mg/kg.

All concentrations reported in the manuscript are given as
mg gluten/kg and were determined using the quantitative
ELISA RIDASCREEN® Gliadin R7001 (R-Biopharm AG,
Darmstadt, Germany) (AOAC Official MethodM of
Analysis First Action 2012.01, AACCI approved method
38-50.01, and type 1 method according to CODEX Standard
234-1999; AACCI, 2013; AOAC, 2012; FAO/WHO, 2013).
This ELISA is also based on the R5 monoclonal antibody,
which is the only antibody that was accepted by the Codex
Alimentarius Commission in 2008 as part of the type 1
method. The corn flour samples 2 to 4 were prepared by
mixing a naturally contaminated corn flour sample with
the ‘gluten-free’ corn flour sample 1.

The following samples were prepared for part B of the
collaborative study:

5. cookie (processed), containing gluten at 0.4 mg/kg;

6. corn snack (processed), containing gluten at 6.4 mg/kg;
7. corn snack (processed), containing gluten at 13.3 mg/kg;
8. corn snack (processed), containing gluten at 47.1 mg/kg.

Considerations for the choice of the gluten concentrations
of the samples were that samples at the lower and higher
side of the LOD should be provided and also clearly
positive samples. In part A (ethanol extraction) samples
with gluten concentrations of 1.8 and 4.8 mg/kg fulfilled
the first requirement. Samples with 11 and 18.8 mg gluten/
kg were expected to be tested positive by all laboratories.
In part B (Cocktail extraction) differently diluted samples
were present in the test tube (factor 4) compared to part A.
Thus, the gluten concentrations 0.4 and 6.4 mg/kg were on
the lower side of the LOD and the sample containing 13.3
mg gluten/kg was comparable to sample 2 of the ethanol
extraction. Sample 8 was aimed as a clearly positive sample.

The processed snack samples 6 to 8 were prepared by
mixing a snack sample containing wheat gluten (spiked
at 100 mg/kg before processing) with a ‘gluten-free’ snack
sample as described by Koehler ez al. (2013a). The processed
sample 5 was a gluten-free cookie from a local retailer. All
materials were prepared by grinding in a knife mill and
subsequently a disk mill to ensure all materials passed a
40 mesh screen. The complete sample was mixed for 2 h
in a vertical mixer/flat beater, sieved through a 40 mesh
screen using a vibratory sieve shaker and then mixed again.
Samples were aliquoted into foil pouches at an amount of
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0.7 g for processed samples and 2.8 g for non-processed
samples and stored at 4 °C.

Homogeneity was tested using the quantitative sandwich
ELISA RIDASCREEN® Gliadin (R7001; R-Biopharm AG).
The determination of homogeneity was done according
to the IUPAC recommendations for proficiency tests
(Thompson et al., 2006). The standard deviation s, was
derived from the Horwitz equation to calculate a deviation
that is dependent on the concentration. According to
this commonly used procedure all samples with gluten
concentrations above the limit of quantification (LOQ)
of the method type 1 ELISA system (samples 2 to 4 and
samples 6 to 8) showed acceptable homogeneities. Samples
1 and 5 showed results clearly below the LOQ of the R5
ELISA system. The concentrations of these blank samples
were estimated by extrapolation of the calibration curve
(Koehler et al., 2013a).

The samples were marked with a laboratory-specific letter
(A to W), an ‘E’ for ethanol extraction (part A) or a ‘C’ for
Cocktail (patented) extraction (part B) and a randomised
number from 1 to 40. Each laboratory obtained its own
coding (different randomised numbers for each laboratory).

Extraction for non-processed samples (part A)

One g of each sample was weighed in a vial and 10 ml
of 60% (v+v) ethanol solution were added. Vials were
mixed thoroughly for at least 30 s on a vortex mixer and
centrifuged at 2,500xg (room temperature; 20-25 °C) for
10 min. Resulting supernatants were diluted by mixing 50
ul of supernatant with 500 ul sample diluent in test tubes
(both contained in the test kit). Then, the diluted solutions
were analysed by the dip-stick test.

Extraction for processed samples (part B)

Each sample was weighed at an amount of 0.25 g in a vial
and 2.5 ml of Cocktail (R7006; R-Biopharm AG) was added.
The vial was closed and mixed well (vortex) to suspend the
sample. After incubation at 50 °C for 40 min in a water bath,
the samples were cooled down to room temperature (20-
25 °C) and 7.5 ml 80% (v+v) ethanol was added. The vials
were closed and shaken up-side down by a rotator for 1 h
at room temperature (20-25 °C). Afterwards the vials were
centrifuged at 2,500xg at room temperature (20-25 °C) for
10 min. By diluting 50 pl supernatant with 500 pl sample
diluent in the test tubes (both contained in the test kit),
the extracts were ready for dip-stick testing.

Dip-stick procedure
The immuno-chromatographic dip-stick system

RIDA®QUICK Gliadin (R7003; R-Biopharm AG) consists
of different zones (Figure 1). Analyte in the sample solution
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will be ‘chromatographed’ above the ‘maximum line’
and reacts with the R5-antibody coupled to a red latex
microsphere. The ‘maximum line’ indicates the maximal
liquid level of the diluted sample extract to the user. The
‘result window’ contains a small band of immobilised R5
antibody (red line after positive reaction) and a second line
that turns blue when the reaction was valid. Results are
read visually only. Generally, the higher the analyte level in
the sample the stronger the red colour of the test band will
be until the maximum intensity of the colour is reached.

The dip-stick was placed vertically into the test tube which
was filled with the diluted sample extract. Afterwards the
stick was taken out after exactly 5 min (+10 s). The result
was evaluated using the evaluation card (part of the test kit).
If two coloured bands (test band in red and control band
in blue) were visible in the result window (Figure 1) after
5 min, the sample was positive for gluten. If only the blue
control band was visible in the result window (Figure 1)
after 5 min, the sample was negative for gluten. If no bands
occurred after 5 min, the test was invalid and had to be
repeated using a new dip-stick.

3. Results and discussion
Collaborative study results

All participants reported that all control samples were
evaluated in the expected way and no contamination was
observed in their laboratories. None of the participants
reported an invalid result.

The resulting raw data sets are shown in Table 1 (ethanol
extraction) and Table 2 (Cocktail (patented) extraction).
Each participant performed ten replicates for each sample.
For ethanol extraction, the results were remarkably
consistent and 14 out of 18 laboratories showed no detection
of the blank sample and detection of all contaminated
samples. Besides these 14 laboratories, only one laboratory
assigned two false positive blank samples. The remaining

three laboratories found one false negative for the low
concentration (4.8 mg gluten/kg) and just one laboratory
found two false-negatives for the medium concentrated
sample with a gluten concentration of 11.0 mg/kg.
False-positive results can be explained by the fact that
homogeneity testing for blank samples is challenging,
because gluten contaminations can occur very infrequently
at very low levels and are therefore not detectable by the
quantitative ELISA method. At these low concentrations,
some degree of inhomogeneity is possible and, therefore, a
few false-positives (2 out of 180 samples) could be expected
from this point of view.

When using the Cocktail (patented) extraction procedure,
the extract was diluted fourfold higher compared to the
ethanol extract. Consequently, it was not surprising that
the low concentrated sample with a concentration of
6.4 mg gluten/kg (corresponding to 15 ng/ml in the Cocktail
(patented) extract) showed a higher variation compared to
the ethanol extraction of a sample with a concentration of
4.8 mg gluten/kg (corresponding to 44 ng/ml in ethanol
extract). The study coordinator decided to exclude
laboratory B for the statistical data treatment since it was
obvious from the initial raw data (Excel sheet sent to the
study coordinator) that a blank sample had been mixed
up with a sample containing the highest concentration of
gluten. Nevertheless, 9 out of 17 laboratories reported all
blank samples as negative and all contaminated samples
as positive. Only one laboratory found two false-positive
results. This rate of 2 out of 170 is comparable to the rate of
the ethanol extraction procedure. It is interesting to see that
for the low concentrated sample (6.4 mg/kg) laboratories
could be separated into two groups reporting either 70
up to 100% positive detection or only 0 to 10% positive
results. This is one reason why an alternative statistical
approach besides the AOAC Appendix N was necessary
(AOAC, 2013). Because the variation between laboratory
specific rates of detection was far from being normal
(Figure 2 and 3), the alternative approach was calculated
as described below. Statistics according to Appendix N

I |

Maximum line Test line
[ gluten positive

Sample R5 latex
application microsphere
zone zone

11

Control line

I test valid

| I TITEY=" = FAT TITUVeT- o~

Result
window

Figure 1. Schematic presentation of the dip-stick procedure and the subsequent interpretation of possible results.
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Table 1. Numbers of positive samples detected in part A of the collaborative study using the R5 dip-stick after ethanol extraction
(data by each of the 18 participating laboratories); each laboratory obtained 10 blinded replicates for each concentration level.

Laboratory code Gluten (mg/kg)
1.8 4.8 11.0 18.8
Sample 1 (negative) Sample 2 (low) Sample 3 (medium) Sample 4 (high)

A 0 10 10 10
B 0 10 10 10
D 0 10 10 10
E 0 10 10 10
F 0 10 10 10
G 0 10 10 10
H 0 10 10 10
| 0 9 10 10
L 0 10 10 10
M 0 9 8 10
N 0 10 10 10
0 0 10 10 10
P 0 10 10 10
R 0 10 10 10
S 0 9 10 10
T 0 10 10 10
u 0 10 10 10
w 2 10 10 10

are claimed to be based on ISO 5725-2 (ISO, 1994), which
requires approximate normal distribution (clause 1.4). In
case of a bimodal distribution, as in the present case, the
interpretation of results is difficult and not recommended.

A descriptive way to show the results for both parts of the
collaborative study is given in Figure 2 (ethanol extraction)
and Figure 3 (Cocktail (patented) extraction). In these
figures, the POD is plotted for each sample. It has to be
noted that only 10% increments are possible for the POD
in these figures, because only 10 replicates were analysed
by each participant. The area of the circles is equivalent to
the number of laboratories indicated by the number next
to the circles that reported this POD.

New statistical approach

In the course of the AOAC Official MethodSM of Analysis
process (AOAC, 2015) only a basic statistical evaluation
was performed which only dealt with POD values and
their variability. From this kind of statistical evaluation it
is not possible to calculate: (1) the concentration and its
prediction interval from which a user expects a positive
result; and (2) what a negative result means.

For this reason, a new statistical approach was used in this
case to describe the POD by means of a mathematical-
statistical model as a function of the concentration and
to derive LOD95 concentrations (Uhlig et al., 2015a). The
method for modelling POD curves and prediction intervals
of the LOD95 concentrations uses a generalised linear
mixed effects model (GLMM) together with a 4-parameter
sigmoid curve to describe the variability of the POD curves
for randomly chosen laboratories. A 4-parameter curve
fitting is often used for ELISA calibration curves. The
4-parameter sigmoid curve is given by:

A-D
LA (X)/CYI)B +
where i denotes the laboratory (i=1, ..., 18); ; denotes the
concentration of level j (j=1, ..., 4); A, B, C, and D are model
parameters, which will be estimated globally (across all
laboratories); y; denotes the random relative variation of
the global parameter C due to laboratory i.

POD

It is assumed that the parameters A (lowest possible value),
B (slope), and D (highest possible value) are the same for all
laboratories. The parameter Cy, describes the location of
the individual inflection point of the curve for laboratory i;
for A=0.00 and D=1.00 it corresponds to the concentration
at which a POD of 50% is reached for this laboratory. This
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Table 2. Numbers of positive samples detected in part B of the collaborative study using the R5 dip-stick after Cocktail (patented)
extraction (data by each of the 18 participating laboratories); each laboratory obtained 10 blinded replicates for each concentration level.

Laboratory code Gluten (mg/kg)
0.4 6.4 13.3 4741
Sample 5 (negative) Sample 6 (low) Sample 7 (medium) Sample 8 (high)

A 2 7 10 10
B! 1 10 10 9
D 0 9 10 10
E 0 1 10 10
F 0 10 10 10
G 0 10 10 10
H 0 10 10 10
| 0 9 10 10
L 0 8 10 10
M 0 10 10 10
N 0 10 10 10
0 0 10 10 10
P 0 10 10 10
R 0 10 10 10
S 0 0 10 10
T 0 9 10 10
u 0 1 10 10
w 0 10 10 10

1 Data set of laboratory B was not included in the statistical calculation, because two samples were apparently exchanged due to their direct vicinity

during testing.
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Figure 2. Probability of detection (POD) observed by each of 18
participating laboratories for samples extracted with ethanol
(part A) between 1.8 and 18.8 mg gluten/kg gluten. Number
stated at each circle means number of laboratories with the
same POD. Areas of circles are proportional to number of
laboratories.

parameter is thus a direct measure of the performance of
the specific laboratory. The parameter C corresponds to
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Figure 3. Probability of detection (POD) observed by each of 17
participating laboratories for samples extracted with Cocktail
(patented) (part B) between 0.4 and 47.1 mg gluten/kg gluten.
Number stated at each circle means number of laboratories
with the same POD. Areas of circles are proportional to number
of laboratories.

the performance of a typical laboratory. C is some kind of
geometric mean of the laboratory specific values Cy, and
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not the average over these values. The relative variation y, is
modelled as a log-normally distributed random variable, i.e.
In(y;) is normally distributed with zero mean and standard
deviation o. This standard deviation describes the inherent
variation of the laboratory performance in the hypothetical
population. The approach is similar to the one described
by Uhlig ez al. (2015b) for PCR analysis, with the exception
that another type of POD function is used, that does not
take specific aspects of PCR amplification into account.
The model reduces to a two parameter model when setting
the starting probability A equal to 0 and the saturation
probability D to 1. This would mean that there are no false
detections in case of zero concentration and no false non-
detections in case of very high concentrations.

From the data of part A (ethanol extraction), the
common parameters were estimated as A=0.011, B=7.84,
and D=0.989. The laboratory-specific parameter was
estimated with a mean of C = 3.03 mg/kg. This yielded a
95% prediction interval for parameter Cy, of [2.39 mg/kg,
3.82 mg/kg] of a future laboratory i.

Figure 4 shows the POD curve of a laboratory with average
performance (blue curve) together with the expected POD
curves corresponding to laboratories at the lower (green)
and upper (red) limits of the 95% prediction interval of

Validation of a R5 dip-stick for gluten detection

parameter C. For example, a POD of 80% is reached by a
laboratory with average performance at a concentration of
about 3.6 mg/kg (blue curve), whereas a top-performing
laboratory will reach this POD already at 2.9 mg/kg (green
curve) and a bottom-performing laboratory will need a
concentration of about 4.6 mg/kg (red curve).

To test the fit of the model, a Monte-Carlo simulation with
100,000 simulation runs was calculated. This approach is
recommended by ISO for different purposes (ISO, 2015;
ISO/IEC, 2008). In Figure 4, the black step-functions show
the 95% prediction band for the rate of detection (ROD)
assuming 10 replicates per laboratory. This prediction band
was obtained by 100,000 random samples based on the
calculated model. While the POD curves are continuous,
the ROD graphs depend on the number of replicates, so that
only RODs of 0, 0.1, 0.2, etc. are possible with 10 replicates.
According to the definition of the prediction interval, about
95% of all data should be within the prediction band —
otherwise the model would not be appropriate. About 5%
of the data — no outliers — are expected to be out of the
prediction band. Outliers were not identified or eliminated
from the dataset. If more than 5% of the data are out of
the prediction band, the model might be not appropriate.

15 17 18
1.00 49— L 4 L 4
0.90 -
i 1
0.80 - L 2
0.70
0.60 -
S 050 -
n- -
0.40 -
| ¢ Lab-specific rate of detection
0.30 ——— 95% prediction range for lab-specific rate of detection
0.20 - —— LPOD curve
i Upper limit of 95% prediction range of lab-specific POD curves
0.10 1 ——— Lower limit of 95% prediction range of lab-specific POD curves
000 T T T T T T

0.0 20 40 6.0 80

100 120 140 160 180  20.0

Gluten concentration (mg/kg)

Figure 4. Performance statistics for part A (ethanol extraction): probability of detection (POD) curves for a laboratory with average
performance (blue), top-performance (green), and bottom performance (red), calculated from the lower and upper limit of the
95% prediction interval for the parameter Cy;. Numbers near the diamonds for the laboratory-specific detection rate indicate the
number of laboratories. Black step functions show the results of the Monte-Carlo simulations.
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From the GLMM (no calibration interval), the LOD95
(concentration at POD=0.95) was calculated as 4.54 mg/kg,
with a 95% prediction interval of [3.59 mg/kg, 5.74 mg/kg].
In case the test is negative, it can be concluded that the
actual (unknown) concentration lies between zero and the
LOD95 of the respective laboratory, which is between the
range of 3.59 and 5.74 mg/kg.

For part B (Cocktail (patented) extraction), the three
common parameters were estimated as A=0.031, B=19.75,
D=0.996, and the laboratory-specific parameter C was
estimated as C = 5.40 mg/kg. This yielded a 95% prediction
interval for parameter Cy, of [3.33 mg/kg, 8.76 mg/kg] of
a future laboratory i. The overall LOD95 was 6.29 mg/kg
with a 95% prediction interval of [3.88 mg/kg, 10.20 mg/kg].

Figure 5 shows the resulting POD curve for a laboratory
with average performance (blue), and the POD curves
for a top-performing laboratory (green) and a bottom-
performing laboratory (red), calculated from the lower
and upper limits of the 95% prediction interval for the
parameter C. As for part A, a negative result means that
the actual (unknown) concentration can be between zero
and the LOD95 of the respective laboratory, which is
within the prediction range of 3.88 and 10.20 mg/kg. The
95% prediction band for the ROD assuming 10 replicates

per laboratory was again calculated using Monte-Carlo
simulations (black step-functions). This prediction band
was comparable to the one obtained for ethanol extraction.

4. Discussion and conclusions

The immuno-chromatographic method evaluated in this
collaborative study was designed to detect gluten at levels
clearly below the threshold of 20 mg/kg. A qualitative
method to detect gluten will only result in a ‘yes’ or ‘no’
answer, but a user of this system needs to know with a given
confidence: (1) what minimal concentration is present, if
the result is positive; and (2) what maximum amount of
gluten is may be present, if the result is negative. This was
the reason why a new statistical approach beside the AOAC
Appendix N (AOAC, 2013) was used. According to AOAC
Appendix N, a mean value (‘LPOD’) is calculated for each
concentration out of all single ‘yes’ or ‘no’ answers from
the results of all participating laboratories. The influence
of the results from an individual laboratory on the mean
value is therefore not considered. It became clear from
the presented data for qualitative gluten analysis, that the
variation within a given laboratory was low whereas the
differences between laboratories could be quite high. That
is why even single laboratories with very high or very low
sensitivities will influence the ‘LPOD’ in a statistically not

POD
=
3

& Lab-specific rate of detection
—— 95% prediction range for lab-specific rate of detection
Mean POD curve
Upper limit of 95% prediction range of lab-specific POD curves

Lower limit of 95% prediction range of lab-specific POD curves

120 160 200

240 280 320 360 400 440 480

Gluten concentration (mg/kg)

Figure 5. Performance statistics for part B (Cocktail (patented) extraction): probability of detection (POD) curves for a laboratory
with average performance (blue), top-performance (green), and bottom performance (red) calculated from the lower and upper
limit of the 95% prediction interval for the parameter Cy,. Numbers near the diamonds for the lab-specific detection rate indicate
the number of laboratories. Black step functions show the results of the Monte-Carlo simulations.
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comprehensible way. As an example (assuming 10 replicates
for a sample), 171 out of 180 results were reported positive.
For the Appendix N statistical approach, it is irrelevant if
the 9 negative results originate from one laboratory with 9
negative results or from 9 laboratories with just one negative
result each. It is more than a small difference if one found
17 out of 18 laboratories with a POD of 1 in combination
with only 1 laboratory out of 18 laboratories with a POD
of 0.1 compared to 9 out of 18 laboratories with a POD of
1 in combination with 9 laboratories with a POD of 0.9. If
all laboratories have a POD of 0.9 or more, it will be very
unlikely that 8 or more test results out of 10 single tests
of an unknown sample are negative, if the concentration
of the sample is the same. Therefore, in this case, it could
be concluded that the unknown sample has a lower
concentration. This conclusion cannot be drawn if there
are some laboratories with very low POD. This difference
between the two cases is reflected in the laboratory
standard deviation which will be much larger if laboratory-
specific PODs are very different. A mathematically more
comprehensive discussion of this aspect can be found in
Uhlig et al. (2015a).

The resulting ‘LPOD graph’ is speculated to be the
performance of a median or average laboratory by Appendix
N, but it does not really represent the performance of a
median performing laboratory or of any other laboratory.
In case of a large laboratory standard deviation, the ‘LPOD
graph’ can be misleading because it is — almost always —
less steep than the POD curves of individual laboratories.

Also from a technical point of view, the calculated
confidence intervals are incorrect: if the LPOD is below
0.15 or above 0.85, variability between laboratories is not
taken into account, and hence the confidence intervals
underestimate uncertainty (Uhlig et al,, 2011, 2013).

In contrast, the mean values and their prediction intervals
resulting from this new way of calculation clearly show that
the immuno-chromatographic dip-stick RIDA®QUICK
Gliadin is fit for its intended use to detect samples as
negative that are clearly below the Codex threshold of
20 mg gluten/kg. The approach is state-of-the-art in the
area of statistics.

If a trained potential user works in a gluten-free laboratory
and sets up a quality control plan using check samples,
the results obtained with the described method will be
comparable to the results of the participating laboratories.
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