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Abstract

Objectives: We report the results of glucose measurements
performed during one year by the same measurement pro-
cedures (MPs) in 58 Norwegian hospital laboratories using
control materials provided by external quality assessment
(EQA) schemes from two different providers. The providers
used materials with presumed vs. verified commutability
and transfers of values using reference material vs. using a
highest-order reference MP.

Methods: Data from six Labquality and three Noklus
glucose EQA surveys were aggregated for each MP (Abbott
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Alinity, Abbott Architect, Roche Cobas, and Siemens Advia)
in each scheme. For each EQA result, percent difference from
target value (% bias) was calculated. Median percent bias for
each MP per scheme was then calculated.

Results: The median % biases observed for each MP in the
Labquality scheme were significantly larger than those in the
Noklus scheme, which uses verified commutable control
materials and highest-order reference MP target values. The
difference ranged from 1.2 (Roche Cobas, 2.9 vs. 1.7 %) to 4.4
percentage points (Siemens Advia, 3.2 % vs. —1.2 %). The order
of bias size for the various MPs was different in the two
schemes. In contrast to the Labquality scheme, the median %
biases observed in the Noklus scheme for Abbott Alinity
(-0.1%), Abbott Architect (—0.5 %), and Siemens Advia (-1.2 %)
were not significantly different from target value (p>0.756).
Conclusions: This study underlines the importance of using
verified commutable EQA materials and target values
traceable to reference MPs in EQA schemes designed for
assessment of metrological traceability of laboratory results.

Keywords: commutability; data aggregation; external qual-
ity assessment; glucose; metrological traceability; systematic
deviation

Introduction

Glucose measurements are essential for the diagnosis and
monitoring of diabetes mellitus. Since international diag-
nostic decision limits [1, 2] are independent of the mea-
surement procedure (MP), glucose measurements should be
accurate and equivalent regardless of which laboratory or
MP used [3]. The performance of glucose measurements can
be monitored by external quality assessment (EQA). Ideally,
an EQA scheme should circulate commutable materials that
are measured in replicates by the participating laboratories
to assess the trueness of their MP compared to a reference
MP, or a certified reference material [4]. However, the
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different EQA schemes vary in their ability to provide this
trueness verification, and one of the most important causes
is lack of commutable materials [3].

Commutability is an important property of an EQA ma-
terial (EQAM) that exhibits equivalent relative responses for
the EQAM and the intended clinical samples, in method
comparison studies involving two or more MPs for the same
measurand [5]. Commutable EQAMSs are rare because they are
challenging to produce and distribute. EQA schemes with non-
commutable EQAMs often exhibit greater stability and offer a
wider range of concentrations and measurands. Moreover,
EQAM s are often not assessed for commutability when fresh
or fresh-frozen human materials with no additives are used,
as their properties are assumed equivalent to those of clinical
samples [3]. However, pooling, freezing or other storage
conditions may change the properties of the EQAMs, so that
they are no longer commutable with clinical samples [6].
When non-commutable EQAMs are used, reference target
values cannot be used, and the EQA result can only be used to
compare the analytical performance of an individual labo-
ratory to that of other laboratories using the same MP.
Additionally, if non-commutable certified reference materials
are used in target value determination, the lack of full
traceability to a highest-order reference MP can lead to
erroneous conclusions regarding measurement trueness [3].

Hospital laboratories in Norway participate in a general
chemistry scheme from the EQA provider Labquality
(Helsinki, Finland) where glucose is one of 51 measurands.
However, a positive bias in glucose measurements across
various MPs within this scheme was observed some years
ago. Therefore, since May 2021, Norwegian hospital labora-
tories have also participated in an EQA scheme designed and
optimized for trueness assessment of glucose measure-
ments, provided by the Norwegian Organization for Quality
Improvement of Laboratory Examinations (Noklus) (Bergen,
Norway). Labquality uses presumed commutable EQAMs
with target values established by a certified reference ma-
terial. Noklus uses EQAMSs with verified commutability and
target values established by a reference MP. To our knowl-
edge, there are no studies that describe EQA results obtained
over time by the same laboratories participating in two
different EQA schemes from different providers. The aim of
the present study was to compare the EQA results obtained
by the same laboratories participating in the Labquality and
the Noklus EQA schemes for serum glucose.

Materials and methods

Individual glucose EQA results for 58 Norwegian hospital laboratories
participating in Labquality (Helsinki, Finland) and Noklus (Bergen,
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Norway) EQA schemes were collected. The one-year data collection
period (May 2021 to June 2022) included six Labquality surveys and three
Noklus surveys, with two EQAMs in each survey.

Labquality EQA scheme “2050 serum B and C for general
chemistry”

Preparation of minimally processed EQA materials: Labquality had the
minimally processed EQAMs (serum B) prepared by one manufacturer
(manufacturer I) by a process designed to ensure sample commutability
[7]. One Fenwal blood bag without anticoagulant (Fenwal Laboratories,
Deerfield, IL, USA) per donor was drawn from each blood donor. The
blood was allowed to clot at room temperature, then centrifuged and
pooled. The pools were stored frozen at —80 °C until thawing, filtering,
mixing, and dispensing into 3 mL vials and stored at —80 °C. Each pool
was assessed for bacterial contamination and found to be negative.
Homogeneity was tested and approved in accordance with ISO 13528 [8].

Preparation of processed EQA materials: The processed EQAMs (serum
C) were commercial fresh frozen EQAMs prepared by three different
manufacturers (manufacturers II-IV) by their processes. The materials
were of human blood origin (Table 1). Homogeneity was either tested
and approved by the manufacturer or by Labquality in accordance with
1SO 13528 [8].

Commutability assessment of EQA materials: The Labquality EQAMs
have not been formally assessed for commutability.

Distribution and sample analysis: Labquality offers six surveys each
year in the EQA scheme for general chemistry. In each survey, two
EQAMs with varying glucose concentrations (Table 1) were distributed
at ambient temperature. If laboratories were not able to analyse the
EQAMs on the day of arrival, they were instructed to store them
refrigerated until analysis. Glucose is one of 51 potential measurands to
be measured. Based on results from the participating laboratories, the
EQAMs were stable up to 22 days after distribution. The laboratories
were instructed to measure serum glucose in duplicate and report mean
values.

Target values: The target value is a transferred value from the Nordic
Federation of Clinical Chemistry (NFKK) Reference Serum X (RSX),
which is an unmodified fresh frozen human serum having certified
values for several measurands, including glucose. The certified glucose
value in RSX is traceable to the International Measurement Evaluation
Program (IMEP)-17 material [9], whose target values were assigned by a
reference MP using IDMS [10]. Five Nordic laboratories, using different
MPs, measure serum B, serum C and RSX in triplicates in each survey.
The transferred values (T) for the two EQAMs are then calculated as:
T=[(mean of EQA sample) x (certified value for RSX)]/(mean of RSX).
Further calculations are made on these T-values after testing for outliers
with Dixon’s Q-test [11]. The mean of the transferred values from the five
laboratories is used as the target value. The standard uncertainty of
the target value is calculated as standard error of the mean (SEM) of the
T-values. The uncertainty of the certified value for RSX is included in the
uncertainties shown in Table 1. Acceptance limits in the Labquality
scheme are target value +6 %.
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Table 1: (continued)

Response

Participants (n)

Sample characteristics

Survey

Scheme
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rate, %

No Total

Siemens Other
answer

Roche
Cobas

Abbott

Abbott

Manufacturer Commutability

Glucose EQA material

Sample

Alinity Architect Advia

assessment

target
value,
mmol/L¢

79

58

12

Previous batch 10 25

3.52 + 0.04 Frozen human serum, min. Noklus

Noklus

Survey 1, 2022

formally assesed in

2020

processed

79

58

12

25

10

Formally assessed

5.42 + 0.05 Frozen human serum, min. Noklus

Noklus

in accordance with
CLSI EP14-A3

processed

2 b c5ame EQA materials used in two EQA surveys. ‘Labquality target values: the uncertainty of the certified value for reference serum X (RSX) is included in the expanded uncertainties. Noklus target values: the

uncertainty of the reference measurement procedure value is the expanded uncertainty (k=2). EQA, external quality assessment; min, minimally.
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Noklus EQA scheme “serum glucose”

Preparation of EQA materials: The glucose EQAMs were prepared by
Noklus. One Fenwal blood bag without anticoagulant (Fenwal Labora-
tories, Deerfield, IL, USA) was drawn from each blood donor at the
Haukeland University Hospital blood bank, Bergen, Norway. The blood
was allowed to clot at room temperature, then centrifuged at 3,500
revolutions per minute (RPM) for 12 min, and serum transferred to a
new blood bag without anticoagulant before undergoing a second round
of centrifugation. Serum from several donors were pooled. Some pools
were kept without additives, whereas others had D(+)-glucose mono-
hydrate dissolved in sodium chloride (Merck KGaA, Darmstadt,
Germany) added to achieve various glucose concentrations (Table 1).
The EQAMs were dispensed into 2 mL vials and stored at —80 °C. Each
pool was assessed for bacterial contamination and found to be negative.
Homogeneity was tested and approved in accordance with ISO 13528 [8].

Commutability assessment of EQA materials: Noklus assessed the
commutability of the EQAMs in 2020. The study was conducted in
accordance with CLSI EP14-A3 [5]. In total, 25 patient serum samples
from individuals with and without diabetes mellitus were drawn on
8.5mL BD Vacutainer® SST™ II serum tubes (BD Vacutainer Systems,
Plymouth, UK). The patient serum glucose concentrations ranged from
4.2 to 13.2 mmol/L. Ideally, the patient samples used in a commutability
assessment should consist of fresh samples [5]. However, obtaining
fresh samples in the broad concentration range needed was not
possible. Still, previous studies have shown that glucose is stable
through freeze-thaw cycles [12, 13]. The three control batches included
had glucose added to the concentrations of 5.42 + 0.05, 7.13 + 0.07 and
11.1 + 0.1 mmol/L (Table 1). The four Norwegian hospital MPs included
were Abbott Alinity c (Abbott Diagnostics, IL, USA), Ortho Vitros 5,1FS
(Ortho Clinical Diagnostics, NY, USA), Roche Cobas 6000 (Roche
Diagnostics, Rotkreuz, Switzerland) and Siemens Advia Chemistry XPT
(Siemens Healthcare Diagnostics, Erlangen, Germany).

Both patient samples and EQAMs were shipped on dry ice to the
four laboratories. All samples were measured in triplicate during one
working day, the three EQAMs interspersed among the 25 patient
samples. Internal quality control was measured before and after the
samples to verify MP stability. The EQAMs were assessed as commutable
for all instrument combinations in all three glucose concentrations
because their values were included in the 95% prediction intervals
calculated from the Deming regression of the 25 patient samples [5].

Distribution and sample analysis: Noklus offers two surveys each year
in the EQA scheme for serum glucose. In each survey, two EQAMs with
varying glucose concentrations (Table 1) were distributed at ambient
temperature. If laboratories were not able to analyse the EQAMs on the
day of arrival, they were instructed to store them refrigerated until
analysis. Glucose is the only measurand to be measured. Based on sta-
bility testing in accordance with ISO 13528 [8], the EQAMs were stable up
to ten days after distribution. The laboratories were instructed to
measure serum glucose in five replicates and report mean values.

Target values: Target values were assigned by a reference MP using gas
chromatography-isotope dilution mass spectrometry (GC-IDMS) by
INSTAND e.V. (Diisseldorf, Germany), which is included in the Joint
Committee for Traceability in Laboratory Medicine (JCTLM) database
[14]. EQAMs were shipped on dry ice to the laboratory. Each of the
EQAMs were analysed in duplicate on three different days, i.e., six
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analyses in total, and the mean was used as the target value. Target
values were assigned once for each batch (Table 1). Acceptance limits in
the Noklus scheme are target interval +5% (target interval=target
value + 0.1 mmol/L).

Reliability and reproducibility of the target values

Both Labquality and Noklus have conducted analyses to assess the
reliability and reproducibility of the target values. For Labquality, the
transferred target value of serum B in the third survey in 2022 (LQ3-22)
was 5.44 + 0.07 mmol/L (Table 1). Another sample of the same batch was
sent to INSTAND e.V. for analysis with a reference MP, and the value
5.37 + 0.05 mmol/L was comparable to the transferred target value. Also,
two of the EQAMs used during this one-year period were used in two
separate surveys having comparable transferred target values: Serum C
in EQ3-21 (4.23 + 0.04 mmol/L) and EQ4-21 (4.24 + 0.05mmol/L), and
serum C in LQ6-21 (3.95 + 0.06 mmol/L) and LQ3-22 (4.01 + 0.05 mmol/L)
(Table 1). In addition, Labquality sent a sample of RSX to INSTAND
e.V. for analysis, and the result indicates that RSX is stable
(4.405 + 0.034 mmol/L in 2002 and 4.37 + 0.04 mmol/L in 2021).

Noklus sent a sample that had been stored for nine years in —80 °C,
to INSTAND e.V. for analysis, and the result indicates that the EQAMs are
stable and that the target value is reliable (5.71 + 0.01 mmol/L by Ghent
University in 2012 and 5.72 + 0.06 mmol/L by INSTAND e.V. in 2021).

Data analysis

All statistical analyses were performed using the data.table, openxIsx,
readxl and stringi packages in R software version 4.1.1 (R Foundation
for Statistical Computing, Vienna, Austria) and SPSS 28.0 software
(SPSS Inc., IL, USA).

In cases where laboratories had two subscriptions (two in-
struments with same MP) in either the Labquality scheme (n=11) or the
Noklus scheme (n=1) and reported two sets of results in an EQA survey,
the mean of the two results was used in further calculations.

For each result, percent difference from target value (% bias) was
calculated according to the formula: % bias=100 x [(measured concen-
tration by the laboratory) — (target value)]/(target value), using all dec-
imals reported (up to three in Noklus scheme and unlimited in
Labquality scheme). All % bias calculations were rounded to one deci-
mal place.

MPs used by four or more participating laboratories were included
in the study. Shapiro-Wilk test of normality showed that neither the data
from the Labquality surveys (n=556) nor the data from the Noklus sur-
veys (n=294) were normally distributed (p<0.001), thus medians and
non-parametric tests were used. Since the median is robust to outliers,
no outliers were excluded.

Data from 12 Labquality- and six Noklus EQAMs used during a one-
year period were grouped and aggregated for each MP peer group in the
two schemes, respectively. The MP peer groups were Abbott Alinity,
Abbott Architect, Roche Cobas, and Siemens Advia. The corresponding
95 % percentile bootstrap confidence intervals (PBCIs) were calculated
by sorting 10,000 median % bias bootstrap samples from smallest to
largest, defining the lower and upper limits of the 95% PBCIs as the
250th and 9750th median % bias bootstrap samples, respectively
(i.e., 2.5th and 97.5th percentiles) [15]. Variance homogeneity is a pre-
requisite for aggregation of data [16]. Therefore, the Fligner—Killeen test
was employed to test for variance homogeneity in all 12 Labquality- and
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all six Noklus EQAMs used within each MP, indicating that the variances
were not significantly different (p>0.99). Also, median % bias for each
EQAM per MP was calculated. The relative biases were consistent across
control levels (Supplemental Figures 1-4). All test results were unaf-
fected by excluding the two Labquality EQAMSs with the highest glucose
concentrations (Table 1), indicating that these samples did not have a
significant impact on the test outcome.

The non-parametric Kruskal-Wallis test was performed to detect
group differences, and the Wilcoxon Rank Sum test was used for pair-
wise comparisons [15]. To compensate for the possible higher risk of
Type 1 error in multiple hypothesis testing, Bonferroni corrected
p-values were calculated by multiplying the uncorrected p-value by the
number of comparisons performed [17]. With four MPs, the number of
paired comparisons of % bias between MPs within each scheme was six,
and the number of paired comparisons between each MP and zero,
i.e., target value, was four. Also, the number of paired comparisons
between the processed and minimally processed Labquality EQAMs for
each MP was four. All statistical tests were two-sided, and a Bonferroni
corrected p-value of 0.05 or less was considered statistically significant.

Ethical considerations

The blood donors had all provided informed consent [18]. Ethical
approval was not required for this quality assurance survey.

Results

Data from nine surveys carried out from May 2021 to June
2022 were included: six from Labquality and three from
Noklus. The glucose concentrations in the EQAMs used
varied from 2.86 to 14.45 mmol/L (Table 1). The 58 partici-
pating laboratories’ response rates varied from 66 to 98 %
(Table 1).

When aggregating data from all surveys in each EQA
scheme, the median % biases observed for each MP in the
Labquality scheme were significantly larger than in the
Noklus scheme, and the difference varied from 1.2 to 4.4
percentage points (p<0.001) (Figure 1). Similar median %
biases were observed in a sensitivity analysis, using data
only from the 25 laboratories that reported glucose results in
all surveys (Supplemental Figure 5).

The median % biases observed for each MP were
within target value +5 % in both schemes (Figure 1). In the
Labquality scheme, the median % bias observed for Roche
Cobas (2.9 %) was significantly larger than that for Abbott
Alinity (1.4 %) (p<0.001) and Abbott Architect (2.2 %)
(p=0.013), and median % bias for Siemens Advia (3.2 %) was
significantly larger than for Abbott Alinity (1.4 %) (p=0.003).
Also, the peer group medians for the MPs were significantly
larger than the target value (p<0.001) (Figure 1). In the
Noklus scheme, the median % bias observed for Abbott
Alinity (-0.1%), Abbott Architect (-0.5%), and Siemens
Advia (-1.2 %) were not significantly different from one
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Figure 1: Aggregated EQA data from six Labquality (LQ) surveys (white) and three Noklus surveys (black). Median percent difference from target value (%
bias) with 95 % percentile bootstrap confidence interval (PBCI) for four MPs. n, number of results.

other (p>0.270) and not significantly different from the
target value (p>0.756). In contrast, the median % bias for
Roche Cobas (1.7 %) was significantly larger than the other
MPs (p<0.001), and significantly larger than the target value
(p<0.001) (Figure 1). The largest difference in median biases
(4.4 percent points) was observed for Siemens Advia with a
bias of 3.2 % (95 % PBCI 2.0, 4.5) in the Labquality scheme
and -1.2% (95% PBCI -2.2, 0.5) in the Noklus scheme
(Figure 1). The order of bias size for the various MPs was
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different in the two schemes. In the Labquality scheme,
Siemens Advia had the highest hias, followed by Roche
Cobas, Abbott Architect and Abbott Alinity. Whereas in the
Noklus scheme, the order from highest to lowest was Roche
Cobas, Abbott Alinity, Abbott Architect and Siemens Advia
(Figure 1).

No significant differences in median % biases between
the processed and minimally processed Labquality EQAMS
were found (p>0.094) (Figure 2).

1
= I
O I
[a] 1
o 1
X 1
R 1
= 3.0 1
° Q H
=
<>5 I
= 2.0 ! #
[5) I
je 1
e 1
g 10 1
o 1
= 1
8 0.0 '
S 1
5}
6 1
= |
£.10 !
S 1
c 1
8 -2.0 1
3 1
{5
= 1
-3.0 1
LQ LQ LQ LQ LQ LQ LQ LQ Noklus Noklus Noklus Noklus
Abbott Alinity  Abbott Alinity ~ Abbott Architect Abbott Architect Roche cobas  Roche cobas Siemens Advia Siemens Advia Abbott Alinity ~ Abbott Architect Roche Cobas ~Siemens Advia
n=49 n=49 n=29 n=29 n=175 n=177 n=24 n=24 n=66 n=24 n=178 n=26
Serum B Serum C Serum B Serum C Serum B Serum C Serum B Serum C
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(white), and EQA materials produced by Noklus measured in three Noklus surveys (black). Median percent deviation from target value (% bias) with 95%
percentile bootstrap confidence interval (PBCI) for four MPs. n, number of results.
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Discussion

In this study, aggregated data from two providers of EQA
schemes for serum glucose showed different biases between
MPs and compared to the target value. In the Labquality
scheme, all four MPs had positive biases that were larger
than in the Noklus scheme. Roche Cobas had a larger bias
than Abbott Alinity and Abbott Architect, and Siemens Advia
had a larger bias than Abbott Alinity. In the Noklus scheme,
glucose measurements were equivalent between Abbott
Alinity, Abbott Architect and Siemens Advia, while Roche
Cobas had alarger bias. The median percent biases with 95 %
PBCIs observed for each MP were within acceptance limits in
both schemes.

The two prerequisites for demonstrating the metro-
logical traceability of an MP through EQA are the use of (1)
verified commutable EQAMs, and (2) commutable certified
reference material or a reference MP [3]. The EQAMS used
in the Labquality scheme have not been formally assessed
for commutability, neither the minimally processed nor
the processed materials. No significant differences in me-
dian biases between minimally processed and processed
EQAMs were found (Figure 2). This indicates that the
minimally processed and processed Labquality EQAMs are
equally commutable- or non-commutable. The RSX that is
used in the target value determination has not been
assessed for commutability for glucose, probably since
both RSX and its predecessor IMEP-17 were minimally
processed, and the production processes were designed to
ensure commutability [9]. The Noklus glucose EQA scheme
on the other hand, uses commutable EQAMs and target
values that are determined by the IDMS highest-order
reference MP. This approach avoids any transfer bias in
the value determination from higher-order reference
materials to the EQAMs used by the EQA scheme. Thus, the
prerequisites for demonstrating the metrological trace-
ability of an MP through EQA are met [3], and is probably
why the biases are smaller in the Noklus scheme than in
the Labquality scheme. The difference between results
obtained in the two EQA schemes could be due to non-
commutability of EQAMs circulated by Labquality, or non-
commutability of the RSX [3].

Of the MPs included in this study, all except Abbott Ar-
chitect were included in the Noklus commutability study.
However, there is a high probability that the commutability
results are also valid for this MP since the Abbott Alinity
system was developed to provide comparable results to the
Architect systems, demonstrated for glucose in a previous
study [19]. This assumption is in line with the recommen-
dations from the IFCC working group on commutability [6].
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The optimal is to include as many different MPs and analytical
measurement principles as possible in the commutability
assessment. However, the working group acknowledges that
it may not be possible to include all MPs, and in such cases,
they propose including the most representative group of
MPs to improve the likelihood of a material being suitable
for use with other MPs not included in the commutability
assessment. This approach makes it more feasible for larger
schemes with multiple MPs to conduct commutability studies.
Furthermore, the working group has recently submitted a
paper [20] that in detail describes the criterion for commut-
ability and how commutability studies can be performed for
EQAMs. An application has been developed from this work,
which makes it easier to elaborate on commutability studies
for many MPs and EQAMs.

As can be seen from Figure 1, the order of bias size for
the various MPs was different in the two schemes, indicating
that it is not only the target value that differs. The largest
difference in biases between the two schemes was observed
in the Siemens Advia group, with a median bias of 3.2 % in
the Labquality scheme and -1.2% in the Noklus scheme,
corresponding to a difference of 0.24 and 0.44 mmol/L at
glucose concentrations 5.5 and 10 mmol/L, respectively. The
median bias of 3.2 % observed for the Siemens Advia group
in the Labquality scheme was significantly larger than the
target value, while in the Noklus scheme the observed bias
of -1.2% was not significantly different from the target
value, meaning that the Siemens Advia has no bias. Conse-
quently, if one laboratory using Siemens Advia receives
feedback indicating that it produces unbiased results in the
Labquality scheme (i.e., 3.2 % lower than the median), it may
indeed measure glucose concentrations that are actually
3.2% lower than the true value. This could, at least on a
population level, lead to a delay in diagnosis of diabetes.

It has been argued that EQA organizations should share
results from schemes using commutable EQAMSs to provide
large number of results that can be used in post-market sur-
veillance [21]. However, lack of documentation of commut-
ability of the EQAMs is a major challenge [22]. Thienpont et al.
found that even minimal processing of serum could compro-
mise its commutability [23]. Miller et al. argue that laboratories
should, if possible, participate at least annually in schemes
supplying commutable EQAMSs, and that EQA providers should
develop schemes with commutable EQAMs whenever possible
[24]. Currently, Norwegian hospital laboratories participate
twice a year in this type of EQA scheme for glucose.

A limitation of our study is that some MPs have few
results. Nonetheless, the aggregation of EQA data improves
reliability of the data summary and increases the likelihood
that it meets the assumptions necessary for statistical
analyses.
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Strengths of this study include that the same labora-
tories were participating in both schemes, and thereby the
MPs could be grouped identically. Previous studies have
described challenges regarding the large variation in how
the different EQA providers register manufacturer details
[22, 25]. Another strength was that the data was collected
from both schemes during the same time period.

We have shown that laboratories participating in EQA
schemes from two EQA providers, with different EQA de-
signs, obtain different glucose results. This underlines the
importance of EQA providers using verified commutable
EQAMs and target values traceable to reference measure-
ment procedures in EQA schemes designed for assessment of
the metrological traceability of laboratory results.
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