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Abstract Within the last decade, the
IFCC HbA1c standardization network
has established the metrologically
highest reference measurement
procedure for HbA1c testing. Based
on this procedure, reference
calibrators are produced which in turn
provide the starting point for the
standardization of the manufactures
routine HbA1c assays. According to
the IVD directive, the uncertainty of
the reference calibrators must be
calculated and reported together with
their assigned values. Within this
article, we elaborate the uncertainty
calculation according to GUM (guide
to the expression of uncertainty in
measurement) in detail. Finally, the
results are validated by a simulation
study.
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Introduction

The measurement of hemoglobin A1c (beta-N-terminal
glycated hemoglobin A, denoted further as HbA1c) in
percent of total hemoglobin (HbA1c and HbA0 – non-
glycated hemoglobin A) in human blood is the most im-
portant biomedical marker for long-term assessment of the
glycemic status in patients with diabetes mellitus, and goals
for therapy are set at specific HbA1c target values [1].
The International Federation of Clinical Chemistry (IFCC)
recognized the need for a reliable anchor of this major
biomedical analyte and installed the IFCC Working Group
on HbA1c standardization [2]. This group succeeded to
develop a reference system of highest metrological order,
which has been approved by all member national societies

of the IFCC [3]. In the IVD Directive 98/79/EC [4] as
well as in international standards [5, 6] essential require-
ments for in vitro medical devices are described in general
terms, where a major specified requirement, directly related
to standardization, is metrological traceability: when avail-
able, the calibration of biomedical assays must be traceable
to reference measurement procedures and/or reference ma-
terials of a higher metrological order.

The components of the HbA1c reference system cover the
upper part of the traceability chain: HbA1c is defined on
basis of its molecular structure, based on pure HbA1c and
HbA0 primary calibrators as mixtures of these analytes are
obtained. The reference measurement procedure is the ap-
proved reference method (enzymatic digestion followed by
HPLC [3]) and the secondary calibrators are whole blood
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panels to which values have been assigned with the refer-
ence method.

Traceability, defined as “property of the result of a mea-
surement or a value of a standard whereby it can be re-
lated to stated references, usually national or international
standards, through an unbroken chain of comparisons all
having stated uncertainties” [7], requires the evaluation of
the uncertainty of calibrators on every metrological level.

In this article, we present the uncertainty evaluation of the
primary and secondary calibrator. In addition to the usual
evaluation approach according to GUM [8], we calculated
the uncertainties based on a simulation study in order to
validate the GUM results, as recommended by Cox and
Harris [9].

The article is organized as follows: First, we give a short
summary of uncertainty calculation. In the second section,
the production process of the primary calibrators is ex-
plained as well as the application of the GUM approach
to calculate the uncertainty of the primary calibrators. Af-
terwards, the uncertainty calculation of the secondary cali-
brators is derived. Finally, we demonstrate by a simulation
study the appropriateness of the results obtained via the
GUM approach.

Uncertainty calculation

According to GUM, the uncertainty calculation is based
on a well-defined metrological model, where error-prone
input quantities are related to the measurement quan-
tity under consideration by a model function. The esti-
mates as well as the standard uncertainties of the input
quantities need to be known. Based on the model func-
tion and by means of the law of error propagation, the
value of the output quantity and its uncertainty can be
derived.

Denote with x1, . . . , xr measurements of the input quan-
tities, with u(x1), . . . , u(xr ) their corresponding standard
uncertainties and with ρi j ,1 ≤ i , j ≤ r the correlation be-
tween the measurements xi and xj. The output quantity or
measurement result is then given by y = f (x1, . . . , xr ).

The variance of the measurement result can be approxi-
mated by

u2(y) =
r∑

i=1

(
∂ f

∂xi

)2

· u2(xi )

+
∑

i, j
i �= j

∂ f

∂xi

∂ f

∂x j
· ρi j · u(xi ) · u(x j ). (1.1)

The partial derivatives of the function f with respect to xi,
are evaluated for the actual values of the estimates. These
are called sensitivity coefficients and describe the change
of the measurement result y in response to changes, in the
input quantity xi. The second sum of Eq. (1.1) vanishes
under the assumption of mutual independence of the input
quantities. We will see, however, that in some cases it is

important to take the correlation structure of the estimates
of the input quantities into account.

The uncertainty of y is then given by the square root of
the variance.

Based on the resulting uncertainty for y a coverage region
can be determined which covers the true value of y with
a given confidence, e.g., 95%. Under the assumption that
the output quantity is normally distributed and unbiased, the
95% coverage region is approximated by [y − 2 · u(y), y +
2 · u(y)].

However, if the measurement contains uncorrected bias,
the coverage region, which covers the true value with a
given confidence, may no longer be centered around the
measurement result. In this case, the above coverage region
must be expanded in the direction of the bias. Denote with
δmin(y) the minimal bias and with δmax(y) the maximum
bias. According to Phillips and Eberhardt [10 ], a coverage
region for the true value under the assumption that the
measurements carry bias is given by

[y − 2 · u(y) − δmin(y), y + 2 · u(y) + δmax(y)]. (1.2)

However, Eq. (1.2) still involves assumptions that may
not be fulfilled in our present situation. In particular, the
first-order approximation of Eq. (1.1) may not be sufficient.
Moreover, although the assumption of independence is of-
ten not fulfilled for the sake of simplicity, the necessary
but cumbersome evaluation of the correlation structure is
often not done. Hence, a validation of the derived confi-
dence intervals (Eq. (1.2)) by a simulation study is quite
appropriate.

Primary calibrators

A primary standard containing as the major hemoglobin
derivative HbA1c and a primary standard containing
as the major hemoglobin derivative HbA0 are mixed
to give the primary calibrator (reference material) for
the HbA1c reference method. The preparation of the
primary calibrators, as well as the involved materials and
methods are explained in detail in [11]. Knowing the
hemoglobin concentration of these primary standards, a
calibrator panel comprising six levels (0, 3, 6, 9, 12, and
15 [HbA1c/(HbA1c + HbA0) %]) is produced.

The reference method is calibrated with the above pri-
mary calibrator panel by linear calibration. This designated
primary reference system conduces to assign target values
to other samples (e.g., whole blood samples), which then
in turn serve as secondary calibrators.

Traces of HbA0 in the HbA1c primary standard are
estimated based on a standard addition procedure and the
calculated ratio of HbA1c to total hemoglobin is corrected
for these traces. The amount of HbA0 in the HbA0 primary
standard is stated by the manufacturer to be higher than
98%, however we could demonstrate that it is in fact
higher than 99.98%, where the resulting 0.02% are mostly
traces of HbA1c. A more exact determination of the traces
of HbA1c in the HbA0 primary standard is difficult and
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laborious, therefore the assigned values of the calibrators
are not corrected for this amount, but are included as
maximum bias within the uncertainty calculation.

Thus, the uncertainty of the primary calibrators has the
following contributions: (i) Errors in the estimation pro-
cess of the amount of hemoglobin in the HbA0, HbA1c
primary standards, respectively. (ii) Errors in the weighting
and pipetting process when mixing the HbA0 and HbA1c
primary standards to generate the six concentration levels.
(iii) Errors in the estimation of HbA0 traces in the HbA1c
primary standard. (iv) Bias due to the HbA1c traces in the
HbA0 primary standard.

Total hemoglobin estimation

In a first step, the concentration of total hemoglobin in the
HbA0 and HbA1c primary standards is estimated by photo-
spectrometrical measurements according to the ICSH ref-
erence method [12] in two independent laboratories. Each
laboratory performs measurements in triplicate. For each
measurement, multiple absorption readings are made and
the respective concentration is derived from the mean of
the read absorptions. The concentration of the solutions is
measured in [mg Hb/g solution].

To minimize an instrument bias (photospectrometer mea-
suring too high or too low) or a concentration depending
bias (different absorption at low or high concentrations)
both standards are measured in the same run with approxi-
mately the same concentration. To each standard, the mean
of the six reaction mixes is assigned as total hemoglobin
concentration: c̄hb(A0), c̄hb(A1c).

Mixing procedure

Once the concentrations of the primary standards are
known, the required amounts of the primary standards are
calculated to obtain mixtures close to the specified cali-
brator levels. The exact amounts of the respective primary
standards are determined by weighing rather than by pipet-
ted volumes in order to reduce pipetting errors. Based on
the weighing procedure, the assigned values of the primary
calibrators are calculated and replace the originally spec-
ified calibrator levels. Hence, the weighed masses of the
primary standards are influenced by the error of the weigh-
ing process exclusively.

The precision of the balance is stated by the manufac-
turer. We will denote the weighed masses of the primary
standards for calibrator level j by w

j
hb(A0), w

j
hb(A1c).

Amount of HbA0 in the HbA1c primary standard

The HbA1c primary standard carries traces of HbA0, which
need to be determined. The amount of these traces is esti-
mated via a standard addition procedure [13]. Denote with
chb = cHbA1c + cHbA0 the amount of total hemoglobin in

an unspiked sample based on the HbA1c primary standard
and with cs

HbA0 the amount of HbA0 spiked in. By the
spiking method, samples with 0 to 12.5% of cs

HbA0/chb are
produced. These in turn are measured twice by the refer-
ence method with two repetitions for each measurement.
Based on the integrated peak areas of HbA1c to HbA0, the
response ratio of (cs

HbA0 + cHbA0)/cHbA1c is obtained. As
the relationship between the response ratio and the concen-
tration ratio is linear (see [3]), a linear regression of the re-
sponse ratios on the concentration ratios can be performed.

The amount of HbA0 in the HbA1c primary standard, de-
noted by i A0/A1c, is obtained by interpolating the regression
line to the intercept with the x-axis [14].

Some elements of this procedure may suffer from errors:
inaccuracies in dilution and pipetting heterogeneities in the
digestion reaction, measurement and instrument effects, as
well as impurities of the HbA0 primary standard. The es-
timation and combination of all these contributions into
an appropriate mathematical model might be quite com-
plicated. Thus, the uncertainty of the estimated amount of
HbA0 is determined experimentally, using a design that
includes the most relevant of the aforementioned vari-
ances. The whole procedure–standard dilution, digestion,
measurement–is done twice with duplicates. As the un-
certainty contribution of the traces of HbA1c within the
HbA0 standard, used for spiking, is very small, it has been
neglected.

The uncertainty of the resulting estimated amount, ī A0/A1c
has been estimated by variance component analysis [15, 16]
(see also Appendix A) with components “digest” and “rep-
etition”, where digest abbreviates the complete procedure
including standard addition.

Amount of HbA1c in the HbA0 primary standard

The amount of HbA1c in the HbA0 primary standard, de-
noted by i A1c/A0, is checked by injecting a ten times concen-
trated HbA0 standard as well as a ten times concentrated
HbA0 standard spiked with 0.02% HbA1c on capillary
electrophoreses. With the 0.02% HbA1c specimen, a peak
is seen at the position of HbA1c, while this is missing for the

Table 1 Uncertainty components and sensitivity coefficients of
primary calibrators

Uncertainty
component Sensitivity coefficient ∂ f/∂xi

c̄hb(A0)

w
j
hb(A1c) · c̄hb(A1c) · (i A0/A1c − 100) · w

j
hb(A0)

c̄2
hb

c̄hb(A1c) −w
j
hb(A0) · c̄hb(A0)(i A0/A1c − 100) · w

j
hb(A1c)

c̄2
hb

w
j
hb(A1c)

w
j
hb(A1c) · c̄hb(A1c) · (i A0/A1c − 100) · c̄hb(A0)

c̄2
hb

w
j
hb(A0) −w

j
hb(A0) · c̄hb(A0) · (i A0/A1c − 100) · c̄hb(A1c)

c̄2
hb

iA0/A1c −w
j
hb(A1c) · c̄hb(A1c)

c̄hb
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HbA0 standard. From this, it is concluded that the amount
in question is less than 0.02%. This deviation from a theo-
retical 100% pure solution is not used for an adjustment of
the calibrator assigned value and thus enters the calculation
of the coverage region as bias. The bias term is added on
the right-hand side of the confidence interval, which results
in a non-symmetric interval around the assigned value of
the calibrator.

Combined uncertainty

The assigned values of the primary calibrators in percent
of HbA1c/(HbA1c + HbA0) are obtained by

c j
pcal

= f
(
c̄hb(A0), c̄hb(A1c), w

j
hb(A0)

, w
j
hb(A1c), i A0/A1c

)

= c j
HbA1c

c̄ j
hb

·100 = w
j
hb(A1c) ·c̄hb(A1c) ·

(
1− i A0/A1c

100

)

w
j
hb(A0) ·c̄hb(A0)+w

j
hb(A1c) · c̄hb(A1c)

·100.

According to GUM, the uncertainty of the assigned val-
ues of the primary calibrators can be obtained by applying
Eq. (1.1). The sensitivity coefficients of the different com-
ponents are given in Table 1.

However, as the amount of HbA1c in the HbA0 primary
standard is not taken into account in value assignment, its
contribution expands the coverage region by the bias term.

The maximum bias due to the impurity of HbA1c in the
HbA0 primary standard for each calibrator level is calcu-
lated as:

δmax
(
c j

pcal

) = 100 · w
j
hb(A0) · c̄hb(A0) · i A1c/A0

c̄ j
hb

.

The minimum bias is zero, which leads to a non-
symmetric confidence interval around the assigned value:
[
c j

pcal − k · u
(
c j

pcal

)
, c j

pcal + k · u
(
c j

pcal

) + δmax
(
c j

pcal

)]
.

As has already been mentioned, this coverage region is
approximate. Another approach to derive a reasonable cov-
erage region utilizes simulation. Simulation studies allow
for an easy modeling of correlation structures and distribu-
tions. Indeed, Cox and Harris [9] propose to use simulation
studies for the validation of the model assumptions and the
respective results (see the Simulation section).

Quantifying uncertainties

Exemplarily we present the uncertainty calculations for
the primary calibrators pcal 2004. For the production of
these calibrators, the concentrations of the HbA0 primary
standard (PRM Lot nr. 90479699) and HbA1c primary
standard (PRM Lot nr. 90847099) are assigned in two
independent laboratories and three reaction mixes per lab-
oratory by multiple photospectrometrical measurements.
Standard variance component analysis allows for the
estimation of the between-laboratory variation as well as
the within-laboratory variation of the photospectrometrical
measurements. Based on both variances, the uncertainty of
the mean of the spectrometric measurements is given by

u(c̄hb(A0)) =
√

1

2
u2

betw. +
1

2 · 3
u2

with..

For the estimation of both variances, see Appendix A.
For the pcal 2004 calibrators, this results in c̄hb(A0)

= 118.487 [mg/g], u(c̄hb(A0)) = 0.185 [mg/g], c̄hb(A1c) =
18.70 [mg/g], u(c̄hb(A1c)) = 0.026 [mg/g].

The weighing of the primary standards takes place on a
Sartorius BP 211 D, with stated uncertainty of the manufac-
turer 0.00005 [g]. The weights for the different calibrator
levels are given in Table 2.

The estimated amount of HbA0 in the HbA1c primary
standard is given by the mean of the four repeated calcula-
tions and its uncertainty is also calculated on the basis of the
nested design of the data, by estimating the between-digest
variation as well as the within-digest variation, resulting in
i A0/A1c = 6.59 [%], u(i A0/A1c) = 0.224 [%].

In Table 2, the standard uncertainty, the maximum bias,
and the 95% coverage region for the primary calibrators,
according to GUM, are given. The main contribution to
the combined uncertainty of the primary calibrators comes
from the estimation process of the amount of HbA0 in the
HbA1c primary standard (about 60%), followed by the es-
timation of the concentration of the HbA0 primary standard
(20%) and HbA1c (17%) primary standard. The uncertainty
contribution of the mixing procedure is marginal.

As for each level of the primary calibrators, the estimated
concentrations of the primary standards, as well as the es-
timated amount of HbA0 in the HbA1c standard enter the
calculation of the assigned value, these values are corre-
lated. However, there is no closed form for the calculation
of this correlation. Results of the simulation study revealed

Table 2 Uncertainty and coverage regions of the primary calibrators pcal 2004 according to GUM

Calibrator level
(target values)

whb(A0) (g) whb(A1c) (g) Lower limit
(k = 2) (%)

Assigned
value (%)

Upper limit
(k = 2 + bias) (%)

Bias (%) Combined
uncertainty (%)

A (0%) 1.86108 0.00000 0.00 0.00 0.02 0.020 0.000
B (3%) 1.78244 0.36463 2.90 2.92 2.96 0.019 0.009
C (6%) 2.15490 0.90167 5.75 5.79 5.84 0.019 0.018
D (9%) 1.68478 1.10010 8.67 8.73 8.80 0.018 0.027
E (12%) 2.01571 1.79165 11.42 11.49 11.58 0.018 0.035
F (15%) 1.56248 1.81598 14.39 14.48 14.58 0.017 0.043
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that the correlation of the assigned values of two calibra-
tor levels, is between 0.99 and 0.90, becoming smaller
with increasing distance between the assigned values. This
correlation should be kept in mind when considering the
uncertainty of the assigned values of the secondary calibra-
tors.

Secondary calibrators

Secondary calibrators of the HbA1c IFCC reference system
are human blood samples collected under controlled con-
ditions. They are measured by the reference measurement
procedure in laboratories in the U.S., Europe and Asia, all
being members of the HbA1c IFCC standardization net-
work. The reference measurement procedure is calibrated
with the primary calibrators, thus a proportional relation-
ship is established between the ratio of integrated areas of
the HbA1c peak and the HbA0 peak. Each secondary cal-
ibrator is measured in two digests and two repetitions per
digest in each laboratory. “Digest” in this context refers
to the enzymatical preprocessing of the analyte before the
chromatographic analysis. A detailed description of the
measurement process (HPLC – ESI/MS) is found in [11];
the data analysis is described in [17].

The following uncertainty contributions must be regarded
for the assigned value of the secondary calibrators: (i) un-
certainty component due to the measurement error of the
reference method, (ii) uncertainty component due to the un-
certainty of the primary calibrators and a bias component
due to the bias of the primary calibrators.

Uncertainty due to measurement

After appropriate data analysis of the measured data points,
the means of the measured results become the assigned
values of the secondary calibrators. The uncertainty com-
ponent due to the measurement error of the reference
method is calculated considering the nested measurement
design (laboratory, digestion, repetition) for each sample.
The between-laboratory, between-digest, and within-digest
variances enter the calculation of the uncertainty compo-
nent of the secondary calibrators in the following way:

u(cscal)meas

=
√

1

L
u2

b.−lab + 1

L · D
u2

b.−dig + 1

L · D · R
u2

w.−dig,

where L denotes the number of laboratories, D the num-
ber of digests and R the number of repetitions (see also
Appendix A).

Uncertainty due to calibration

As the reference measurement method is calibrated by
means of the primary calibrators, which are already subject

to uncertainty, this uncertainty must be transmitted to the
secondary calibrators.

The uncertainty component of the secondary calibrators
due to calibration is approximated by weighing the uncer-
tainties of the next lower (ci

pcal, u(ci
pcal)) and higher primary

calibrator (ci+1
pcal, u(ci+1

pcal)), compared to the assigned values
of the secondary calibrators. The correlation between these
two calibrator values, denoted by ρi,i+1 is also considered,
resulting in

u(cscal)cal = s2 · u2
(
ci+1

pcal

) + (1 − s)2 · u2
(
ci

pcal

)

+ ρi,i+1 · s · (1 − s) · u
(
ci

pcal

) · u
(
ci+1

pcal

)
, (1.3)

where

s = cscal − ci
pcal

ci+1
pcal − ci

pcal

.

The derivation of this formula is presented in Appendix
B.

For the actual data the correlation between two calibrator
values was approximated with ρi,i+1 = 0.99.

Combined uncertainty and bias

The combined uncertainty of the assigned values of the
secondary calibrators then takes the form:

u2(cscal) = u2(cscal)meas + u2(cscal)cal.

Finally, the bias of the primary calibrators must also be
taken into account, eventually leading to a bias of the sec-
ondary calibrators, too. The same ideas that led to Eq. (1.3)
can be applied to calculate the maximum bias for each sec-
ondary calibrator. In Appendix B we show that this bias is
given by

δmax(cscal) = s · δmax
(
ci+1

pcal

) + (1 − s) · δmax
(
ci

pcal

)
.

Thus, a 95% confidence interval (k = 2) of the
assigned values of the secondary calibrators is
obtained:

[cscal − 2 · u(cscal), cscal + 2 · u(cscal) + δmax(cscal)].

Quantifying uncertainties

The primary calibrators pcal 2004 are used as calibrators
within the recent studies. Therefore, the uncertainty cal-
culation for the secondary calibrators, to which values are
assigned within the Orlando 2 study, is presented. These
secondary calibrators are named Orlando 6 – Orlando 10.
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Table 3 Uncertainty contributions, bias and 95% confidence intervals for the secondary calibrators from the Orlando 2 study according to
GUM

Secondary
calibrator

Uncertainty
measurement (%)

Uncertainty
calibration (%)

Combined
uncertainty (%)

Bias (%) Lower limit
(k = 2) (%)

Assigned value (%) Upper limit (k = 2 +
bias) (%)

Orlando 6 0.034 0.018 0.038 0.019 6.32 6.40 6.50
Orlando 7 0.027 0.011 0.029 0.019 3.90 3.96 4.04
Orlando 8 0.037 0.025 0.045 0.018 8.39 8.48 8.59
Orlando 9 0.042 0.018 0.046 0.019 5.62 5.71 5.82
Orlando 10 0.017 0.010 0.019 0.019 3.44 3.48 3.54

Fourteen reference laboratories contributed four results
per laboratory within the Orlando 2 study. The mean of the
results becomes the assigned value of the samples. Table 3
summarizes the uncertainty contributions, the bias, and the
95% confidence intervals for these calibrators.

The calculation of the between-laboratory, between-
digest, and within-digest variances showed that the main
contribution of variation of the measurements comes from
between-laboratory variation, followed by within-digest
variation. In order to reduce the influence of the between-
laboratory variation it is thus mandatory to have a reason-
able number of laboratories to average. In the IFCC network
there are more than ten laboratories participating. To give
an example: The uncertainty component due to measure-
ment of the assigned value of the Orlando 7 sample is 0.027
HbA1c[%]. For this sample, the between-laboratory varia-
tion makes 64%, the between-digest 6% and within-digest
30% of the total variation. If the value would have been
assigned by only three laboratories, this uncertainty com-
ponent would rise to 0.057 HbA1c[%]. If 20 laboratories
would have participated in this value assignment, this un-
certainty component would be 0.022 HbA1c[%]. Hence it
is clear that value assignment by a network, rather than by a
limited number of network laboratories, significantly con-
tributes to the low uncertainty of the secondary calibrators.
But a further increase of the number of network laboratories
will have a relatively small impact on the uncertainty.

The uncertainty of the primary calibrators is transmitted
to the secondary calibrators via the uncertainty component
due to calibration. If the uncertainty of the primary calibra-
tors could be limited to zero, the combined uncertainty of
the secondary calibrators would be equal to the uncertainty
component due to measurement.

Simulation study

To validate the model assumptions invoked for the uncer-
tainty calculation according to GUM, a simulation study
of the value assignment process of both primary and sec-
ondary calibrators has been conducted. Recall that the pur-
pose of uncertainty calculation is the determination of a
coverage region, which covers the true value of the mea-
surement with a given confidence level. This means we
are interested in the distribution of the differences between
true value and measured value. Hence, we calculated in
each simulation step the (anticipated) true value of the cal-
ibrators as well as the assigned value obtained during the

production process. Based on the distribution of the dif-
ferences, the coverage region for the true value can be
obtained.

Primary calibrators

The assigned values of the primary calibrators are obtained
by mixing a HbA0 primary standard and a HbA1c primary
standard and correcting for the amount of HbA0 in the
HbA1c standard and vice versa. Denote with the subscript
t the true amounts of the input quantities for the calculation
of the assigned values of the primary calibrators. Based on
these the true assigned value of each calibrator is obtained
by

ct
pcal j

= f
(

ct
hb(A0), ct

hb(A1c), w
t
hb(A0) j

, wt
hb(A1c) j

, i t
A0/A1c

, i t
A1c/A0

)

=
wt

hb(A1c) j
· ct

hb(A1c) ·
(

1 − i t
A0/A1c

100

)
+ i t

A1c/A0
100 · wt

hb(A0) j
· ct

hb(A0)

wt
hb(A0) j

· ct
hb(A0) + wt

hb(A1c) j
· ct

hb(A1c)
·100.

For the simulations the true amounts are derived from
the data of the pcal 2004 calibrators, i.e., ct

hb(A0) = 118.487
[mg/g], ct

hb(A1c) = 18.70 [mg/g]. The true pipetted amounts
are modeled as uniform distributed around the target
weights, which are calculated to achieve the respective con-
centration levels. The dispersion of the uniform distribution
is based on precision and bias information for the pipettes
from manufactures.

The true amount of HbA0 in the HbA1c primary stan-
dard is set to 6.59%. Finally, the true amount of HbA1c in
the HbA0 standard is modeled uniform distributed in the
interval [0%, 0.02%].

However, within the production process of the primary
calibrators, only estimates of the true input quantities are
available and the assigned values of the primary calibrators
are calculated without the correction for the amount of
HbA1c in the HbA0 primary standard.

In each simulation step, estimates of the input quantities
are obtained as follows:

1. c̄hb(A0), c̄hb(A1c) are drawn from normal distributions
with mean c̄t

hb(A0), c̄t
hb(A1c) and standard deviations 0.185

[mg/g], 0.026 [mg/g], respectively.
2. The weighed amounts are modeled normally distributed

centered at the true amounts and with standard deviation
0.00005 [g].

3. The impurity estimation is simulated step by step.
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Table 4 Absolute and relative differences between the GUM and simulation approach for the uncertainties as well as the lower and upper
limits of the coverage regions for k = 2

Differences uncertainties GUM –
simulation

Differences lower limits (k = 2)
GUM – simulation

Differences upper limits (k = 2)
GUM – simulation

Primary
calibrators

Absolute (%) In % of assigned
value

Absolute (%) In % of assigned
value

Absolute (%) In % of assigned
value

A 0.000 0.00 0.00
B 0.000 − 0.01 − 0.01 − 0.25 0.01 0.21
C − 0.001 − 0.01 − 0.01 − 0.15 0.01 0.11
D − 0.001 − 0.01 − 0.01 − 0.11 0.01 0.07
E − 0.001 − 0.01 − 0.01 − 0.08 0.00 0.04
F − 0.001 − 0.01 − 0.01 − 0.07 0.00 0.03
Secondary calibrators

Orlando 6 − 0.003 − 0.05 0.002 0.03 0.017 0.26
Orlando 7 − 0.003 − 0.08 0.002 0.04 0.017 0.42
Orlando 8 − 0.002 − 0.03 0.001 0.01 0.017 0.20
Orlando 9 − 0.002 − 0.03 0.000 0.00 0.020 0.35
Orlando 10 − 0.004 − 0.11 0.003 0.08 0.017 0.50

Based on the estimated hemoglobin concentrations of
the HbA0, HbA1c primary standards, the pipetting vol-
umes for the spiked samples are calculated, denoted as
ws

hb(A0), ws
hb(A1c). Afterwards, the assumed ratio of HbA0

to hemoglobin from the HbA1c standard, disregarding the
amount of HbA0 in the HbA1c standard, is calculated as

ra = ws
hb(A0) · c̄hb(A0)

ws
hb(A1c) · c̄hb(A1c)

,

whereas the true ratio, i.e., taking this amount into account,

would be

r t = ws
hb(A0) · c̄t

hb(A0) + i t
A0/A1c · ws

hb(A1c) · c̄t
hb(A1c)

ws
hb(A1c) · c̄t

hb(A1c)

.

Measuring the spiked samples in the HPLC method and
setting the integrated peak areas in comparison, results in
the measured ratio of the spiked samples. The measured ra-
tio is proportional related to the true ratio [11] and clearly
subject to measurement error. Therefore it is modeled as
rm ∼ N (c · rt , σ

2
m), where the variance is estimated from

the data at hand. Based on the data points (r j
a , r j

m), where
j denotes the number of spiked samples, the linear model
rm = a + b · ra is estimated. One can show [14 ] that the re-
spective amount is obtained by interpolating the regression
line to the intersection with the x-axis, i.e., i A0/A1c = â/b̂,
where â, b̂ denote the least-square estimators of intercept
and slope. The assigned values of the primary calibrators
are then calculated by

cpcal j
= whb(A1c) j · c̄hb(A1c) · (

1 − i A0/A1c

100

)

whb(A0) j · c̄hb(A0) + whb(A1c) j · c̄hb(A1c)
· 100.

Secondary calibrators

To obtain a coverage region of the secondary calibrators,
the following steps have been performed: The calibration
of the reference method with the primary calibrators was
modeled as a method comparison between the true primary
calibrator values and assigned values from production. This
is possible as the relationship between the true concen-
trations and signals obtained in the reference method is
proportional.

For each primary calibrator, we have a data point
(ct

pcal j
+ εmeas, cpcal j

). The measurement error is normally
distributed with mean 0 and variance estimated from the
data at hand. A regression line is fitted to the data points,
which will not be centered around the bisecting line as the
assigned calibrator values from production carry uncor-
rected bias. For the secondary calibrator, the true value is
given within the simulation and in each simulation step the
assigned value of the secondary calibrator is read from the
regression line at the point ct

scal + εmeas. The measurement
error variance is approximated by the standard error of the
mean of the measured calibrator values derived from the
Orlando 2 study.

To obtain a coverage region for the true values of the sec-
ondary calibrators, again, the distribution of the differences
cscal − ct

scal is considered.

Coverage regions from simulation

The simulation study has been terminated after stable con-
vergence of the uncertainty results. The 2.5% and 97.5%
quantiles of the differences for the primary as well as
the secondary calibrators were calculated. Based on these
quantiles, a 95% coverage region for the true calibra-
tor values can be obtained for the primary calibrators as
[cpcal − Q97.5pcal, cpcal − Q2.5pcal ] and for the secondary cal-
ibrators [cscal − Q97.5scal, cscal − Q2.5scal ].
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Absolute and relative differences between the GUM and
simulation approach for the uncertainties as well as the
lower and upper limits of the coverage regions for primary
as well as the secondary calibrators are summarized in
Table 4.

Comparison of GUM and simulation

The uncertainties of the primary calibrators, derived ac-
cording to GUM, are 0.001[%] smaller than the respective
uncertainties from simulation. On detailed inspection of the
simulation results, we observe that the uncertainty compo-
nent from estimating the amount of HbA0 in the HbA1c
standard was always higher in the simulation study than
the four repeated experiments. Therefore, we modeled the
impurity estimation in detail according to GUM and with
this approach obtained an estimate for the impurity uncer-
tainty, which was very near to the impurity derived via the
simulation approach.

However, as the bias contribution is added in a conserva-
tive way to the coverage regions, and as the multiplication
factor k = 2 is used instead of the 0.975 normal quantile
(k = 1.96), the coverage regions according to GUM are
wider than those from simulation, especially for primary
calibrators of the lower levels. Moreover, in comparison to
the estimated target values and uncertainties, the observed
differences between the simulation approach and GUM are
only marginal, hence we conclude that the GUM approach
delivers appropriate results for the uncertainties as well
as for the coverage regions of the values of the primary
calibrators.

Regarding the secondary calibrators, we note that the
differences between the estimated uncertainties based on
GUM and the uncertainties of the simulation approach
were greater than for the primary calibrators, but still the
factor of k = 2 makes the limits of the coverage regions
become wider for the GUM approach than for the simu-
lation approach. The lower uncertainty according to GUM
is mostly due to the approximation of the transmission of
the uncertainty of the primary calibrators to the secondary
calibrators.

The most interesting observation is that the differences
in the upper limit of the coverage region are higher than
the additional bias, which was added to enlarge the upper
limit. This means that the bias of the primary calibrators is
not transmitted on the secondary calibrators in a relevant
way. Therefore, we decided to ignore the bias contribution
when calculating the coverage region for the secondary cal-
ibrators in the future. This has a definite practical impact,
as the secondary calibrators constitute the basis for manu-
factures of routine assays for HbA1c testing. Based on the
simulation, we see that in the present case the bias of the
primary calibrators can be neglected.

Conclusions

In this article, we presented in detail the uncertainty calcu-
lation of the IFCC reference material for HbA1c testing.

The uncertainty of the assigned value of a calibrator
allows the determination of a region, which covers the true
value of the calibrator with high confidence Moreover, the
calculation of the uncertainty has led to a very instructive
review of the standardization process. For example, the
impurity estimation process has been improved and the
relevance of the traces of HbA1c in the HbA0 primary
standard was discovered.

For the secondary calibrators, the importance of the
number of network laboratories to maintain the low
uncertainty of the secondary calibrators was revealed and
it was explained why a further increase of the number of
network laboratories will have a relatively small impact
on the uncertainty.

In addition, we derived a simple and efficient formula
for the transmission of uncertainty and bias of the primary
calibrators to the uncertainty of the secondary calibrators.
This issue does often occur in standardization processes
of diagnostic assays, but is largely unresolved in our eyes.
An important aspect of this setting is to take into account
the correlation between the different levels of the primary
calibrators.

Last but not least, we validated the calculations according
to GUM by a simulation study, which led to important
improvements of the GUM approach.

Appendix A Variance components

The calculation of the uncertainty of the mean of a set
of measurements, gathered in a specific design, requires
a careful consideration of the respective design structure.
The simplest case of such a design is the random-effects
model, which can be written as

Yi j = µ + ai + εi j , i = i, . . . , I, j = 1, . . . , J,

with Yij denoted as the measured result obtained e.g., in
laboratory i, and repetition j, µ denotes the overall mean, ai
the laboratory-specific effect with mean zero and between-
laboratory variance σ 2

a and εi j the repetition effect, with
mean zero and within-laboratory variance σ 2

ε . As long as no
statistical tests are performed, no distribution assumptions
need to be made. Note that the variance of an individual
measurement is split up into the two variance sources, i.e.,
Var(Yi j ) = σ 2

a + σ 2
ε .

In our particular case, we are interested in the calculation
of the variance of the mean Ȳ = 1

I ·J
∑
i, j

Yi j .

However measurements from the same laboratory are
no longer independent, as Cor(Yi j , Yik) = σ 2

a , therefore
the variance of the mean is not simply the sum of the
individual variances, divided by the number of observa-
tions, but becomes Var(Ȳ ) = 1

I σ
2
a + 1

I ·J σ 2
ε . We note that

the between-laboratory variation is only reduced by a
factor of 1/I, instead of 1/IJ. The between-laboratory and
within-laboratory variances can be estimated by ANOVA
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estimation [16]. Define

MSA = J

I − 1

∑

i

(Yi. − Ȳ )2,

MSE = 1

I (J − 1)

∑

i, j

(Yi j − Ȳi.)
2.

An estimator of the between-laboratory variance is given
by σ̂ 2

a = MSA−MSE
I J and σ̂ 2

ε = MSE.
The interested reader is referred to [16], for the uncer-

tainty calculation in more complicated models, as well as
for the estimation of the variance components in cases of
unbalanced data.

Appendix B Transformation of uncertainty, correlation
and bias from calibrators

The derivation of Eq. (1.3) is based on the following ideas:
A (non)-linear calibration curve, derived from I calibrators
with assigned values ci and measured signals si, may be
approximated between two points (c∗

i , s∗
i ), (c∗

i+1, s∗
i+1) by

a straight line f (a, b, x) = a + bx . The assigned values ci
have uncertainties u(ci), maximum bias δ(ci ) and correla-
tion Cor(ci , ci+1) = ρi,i+1.

A value c∗, lying within c∗
i ≤ c∗ < c∗

i+1, might be ap-
proximated by ĉ = s∗−â

b̂
, the value read from the straight

line, with b̂ = s∗
i+1−s∗

i

c∗
i+1−c∗

i
and â = s∗

i − b̂ · c∗
i . An estimator of

ĉ is therefore given by

ĉ = g(c∗
i , c∗

i+1) = (c∗
i+1 − c∗

i ) · s∗ − s∗
i

s∗
i+1 − s∗

i

+ c∗
i .

Defining by s = s∗−s∗
i

s∗
i+1−s∗

i
= c∗−c∗

i
c∗

i+1−c∗
i
, we obtain immediately

∂g
∂c∗

i+1
= s, ∂g

∂c∗
i

= 1 − s and applying Eq. (1.1) the uncer-

tainty component due to the uncertainty of the calibrator
value of the read value c, is given by

ucal(c
∗) = ṡ2 · u2(c∗

i+1) + (1 − ṡ)2 · u2(c∗
i )

+ ρi,i+1 · s · (1 − s) · u(c∗
i ) · u(c∗

i+1).

The maximum bias of the value ĉ, can be calculated
by regarding ĉ − ĉt = g(c∗

i , c∗
i+1) − g(c∗t

i , c∗t
i+1), where

g(c∗t
i , c∗t

i+1) denotes the straight line between the true cali-
brator values. One can show that

ĉ − ĉt = s · d(c∗
i+1) + (1 − s) · d(c∗

i ) ≤ s · δ(c∗
i+1)

+ (1 − s) · δ(c∗
i ),

where d(ci) denotes the unknown difference between the
assigned value of the calibrator and its true value and δ(ci )
the known maximum bias. Therefore, the maximum bias
of the read value is approximated by

δ(c∗) = s · δ(c∗
i+1) + (1 − s) · δ(c∗

i ).
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