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Abstract
Objectives: The prevalence of diabetes mellitus (DM) is increasing all over the world. Hemoglobin A1c (HbA1c) is one
of the diagnostic tests for DM. But is the HbA1c analysis result accurate and absolute? Uncertainty of measurement is
a quality parameter of measurement results, and characterizes the dispersion of the values attributed to a measured
quantity. The aim of this study was to estimate the measurement uncertainty (MU) of HbA1c and retrospectively reevaluate patient results with respect to the estimation of uncertainty and to suggest a solution for results that are close
to cut-off level.
Methods: The results of 10212 patients who had an HbA1c analysis performed in our laboratory in 2016 were retrospectively reviewed. The HbA1c levels were measured using a high performance liquid chromatography method. The
uncertainty of measurement of the serum HbA1c level was estimated according to the Eurachem/Co-operation on
Traceability in Analytical Chemistry Guide CG 4.
Results: The measurement uncertainty (95% confidence interval) of HbA1c was estimated to be ±4.6%. When measurement uncertainty was taken into account, the acceptable range for the 6.5% value typically used to diagnose DM
was between 6.2% and 6.8%. It was observed that the results of 1555 patients were affected by uncertainty values.
Conclusion: Medical laboratories must produce the necessary data and analytical results in order to achieve the correct
interpretation and use of the results. A test result is not sufficiently powerful without an assessment of its reliability. The
interpretation of values that are close to cut-off levels may change when evaluated with the uncertainty of measurement. Therefore, reporting HbA1c analysis results with the estimation of the MU is important to illustrate the true limits
and the level of confidence.
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T

he objective of a measurement is to determine an estimate
of the true value of the measurand. The measurement uncertainty (MU) is a parameter associated with the result of a
measurement that characterizes the dispersion of the values
that could reasonably be attributed to the measurand [1]. The
MU is used as a quantitative measure of accuracy. With the
adoption of the International Organization for Standardization (ISO) Medical Laboratories–Particular Requirements for
Quality and Competence standard (ISO 15189), laboratories

are required to provide estimates of the MU for all quantitative
test results [2]. Recent developments include the requirement
in ISO 17025 and the ISO 15189 accreditation standards that
laboratories provide the MU of the results and the calculation
of total allowable error (TAE) [3]. The MU estimates an interval
of values within which the “true” value of a measured analyte
lies, with a stated level of confidence [4]. Inclusion of the MU
is the appropriate approach for meaningfully comparing measurement results with reference values [5].
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Diabetes mellitus (DM) is a complex and chronic disorder, the
prevalence of which has been increasing all over the world.
Tests for DM screening and diagnosis are available. Diabetes
may be diagnosed based on plasma glucose criteria, either
the fasting plasma glucose (FPG) or the 2-hour plasma glucose
(2-h PG) value after a 75-g oral glucose tolerance test (OGTT),
or hemoglobin A1C (HbA1c) criteria [6]. DM may be diagnosed
based on a value of FPG ≥126 mg/dL or plasma glucose ≥200
mg/dL 2 hours after a 75-g glucose load or an HbA1c ≥6.5%
[6]. HbA1c testing should be performed using a method that
is standardized and certified by the National Glycohemoglobin
Standardization Program (NGSP) [7]. The HbA1c test has advantages compared with the FPG and OGTT, including greater convenience (fasting not required), and greater preanalytical stability [7]. An HbA1c of 48 mmol/mol (6.5%) is recommended as
the cut-off point for diagnosing diabetes [8]. The American Diabetes Association has suggested 5.7% to 6.4% as the high-risk
range for diabetes (prediabetes) [7]. Studies have also shown a
strong relationship between HbA1c and the risk for the development and progression of complications of DM [9].
The aim of this study was to estimate the MU for HbA1c and
re-evaluate patient results with respect to the estimation of
MU, and to suggest a solution for results that are close to the
cut-off level.

Materials and Methods
The study was conducted at Ankara Polatlı Public Hospital.
The records of 10212 patients whose HbA1c level was tested
between January 2016 and December 2016 were retrospectively reviewed.
High performance liquid chromatography method
The high performance liquid chromatography (HPLC) method
(Premier Hb9210 autoanalyzer, Trinity Biotech plc, Bray, Ireland) was used to determine HbA1c values in fresh human
whole blood samples per the manufacturer's instructions using original commercial kits.
Precision study of the HbA1c assay was performed according
to the Clinical and Laboratory Standards Institute (CLSI; formerly NCCLS) EP5A protocol [10] by estimating within-run and
total standard deviation, and by calculating the coefficient
of variation (CV%). Both normal and abnormal level internal
quality control materials were used for the determination of
precision (Table 1).
Estimation of measurement uncertainty
The HbA1c analysis results were re-evaluated with the estimation of MU. Internal and external quality control results were
used to calculate the MU according to the Eurachem/Co-operation on Traceability in Analytical Chemistry (CITAC) Guide
CG 4 [1].
The formulation of uncertainty is explained below.
The calculation of uncertainty of within-laboratory reproducibility (uRW) used the Trinity Biotech control level 1 CV%
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Table 1. The precision data of the hemoglobin A1c assay
obtained from normal and abnormal internal quality control
samples
Normal level

Abnormal level

80
5.4
0.112
2.08

80
11.0
0.094
0.85

80
5.4
0.011
0.21

80
11.0
0.158
1.44

80
5.4
0.182
3.37

80
11.0
0.176
1.61

80
5.4
0.214
3.97

80
11.0
0.255
2.32

A. Within-run precision
Number of data points
Total mean
Within-run SD
Within-run CV%
B. Between-run precision
Number of data points
Total mean
Between-run SD
Between-run CV%
C. Between-day precision
Number of data points
Total mean
Between-day SD
Between-day CV%
D. Total Precision
Number of data points
Total mean
Total SD
Total precision CV%
CV: Coefficient variation

(CV1) and level 2 CV% (CV2) for a month (Table 2).
uRW: √ [(CV1² + CV2²)/2]
The second step was to calculate the uncertainty of the bias
(ubias). The Randox International Quality Assessment Scheme
external quality control results of 8 months were used. The
root mean squares of biases (RMS bias) and the uncertainty
component from the certified or nominal value (ucref ) were
calculated. External quality control bias results were used to
calculate RMS bias (Table 2).
RMSbias :√[(∑bias (external quality control)²/N
(N: external quality control number)
The external quality control result mean CV% (sR) and laboratory number were used to calculate the ucref (Table 2).
ucref: (sR/√n)
Standard ubias was calculated according to a formula.
ubias:√[(RMSbias)²+(ucref)²]
The combined uncertainty was determined.
(u)=√{[(uRW)²+(ubias)²]/2}
And finally, the expanded uncertainty (U) was calculated using the standard uncertainty (uc).
U=k*uc.
k: coverage factor( for 95% level of confidence [CI], k=2)
U results were compared with the TAE for the HbA1c test.
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Table 2. The measurement of uncertainty for hemoglobin A1c
Internal quality control,
CV% and uRw values
External quality control,
RMS bias, CV%, n and ucref values

Standard, combined and expanded uncertainty values

Internal quality control level 1 (mean and CV%)
Internal quality control level 2 (mean and CV%)
uRW
RMSbias
CV%
n
Ucref
Standard uncertainty (ubias)
Combined uncertainty (u)
Expanded uncertainty

5.42- 2%
11.04- 1.29%
1.68
1.53
2.61
55
0.35
1.57
2.3
4.6

CV: Coefficient variation; RMS bias: Root mean squares of biases; Ucref: Uncertainty component from the certified or nominal value; URw: Uncertainty of within-laboratory
reproducibility

Results
The precision data is provided in Table 1. In the precision
study, the within-run precision was 2.08% CV, the betweenrun precision was 0.21% CV, the between-day precision was
3.37% CV, and the total precision was 3.97% CV for the normal level sample. The within-run precision was 0.85% CV, the
between-run precision was 1.44%, the between-day precision
was 1.61% CV, and the total precision was 2.32% CV for the
abnormal level sample. The HbA1c assay showed that the
within-run precision and total precision results were within
the current NGSP requirement of ≤4%.
The results of the uncertainty estimation of HbA1c in our study
are presented in Table 2. An HbA1c of 6.5% is recommended
as a cut-off value for diagnosing DM. We evaluated 10212 patients retrospectively. The HbA1c values were between 4%
and 17.9%. In all, 4960 patients had a measured level of ≥6.5%.
The MU (95% CI) for HbA1c was estimated at ±4.6%. When the
MU was taken into account, the acceptable range for a value
was between 6.2% and 6.8% (Fig. 1). With this frame of reference, results that were initially measured as between 6.5%
and 6.8% might actually be less than 6.5%, and results that
were between 6.2% and 6.4% might be greater than 6.5%. It
was observed that the results of 1555 patients were affected
by uncertainty values.
HbA1c%
6.8%
6.5%
6.2%

M-U

M

M+U

Figure 1. Diagnosing criteria for DM in a 4.6% uncertainty of HbA1C.

The TAE is ±6% according to the NGSP. The uncertainty of
HbA1c was ±4.6% in our study.

Discussion
Measuring HbA1c to evaluate glycemic control in patients
with DM is well established [11]. The NGSP program has
achieved remarkable success regarding the imprecision of
HbA1c measurement [12]. It is important that most laboratories have concluded that an imprecision goal between 2% and
4% is desirable for HbA1c [11]. The results of our research revealed a total precision of ≤4% for both normal and abnormal
HbA1c samples.
Medical laboratories should produce the necessary data and
analytical results in order to achieve the correct interpretation
and use of the results. A test result is not sufficiently strong
without an assessment of its reliability. The MU provides a
quantitative estimate of the level of confidence that a laboratory has in the analytical precision of the test result, and
therefore represents the expected variability in a laboratory
result if the test is repeated a second time [12]. According to
ISO 15189, the MU should be made available by the laboratory
on request. Clinical decisions can be better evaluated knowing the MU of a test. Several studies have investigated the MU
of different parameters since the importance was recognized
[13-16]; however, to the best of our knowledge, this is the first
study reporting the evaluation of the MU for HbA1c.
Some tests are evaluated against a cut-off value, such as glucose in a glucose tolerance test, cholesterol levels, and HbA1c
measurements. For the HbA1c, a level of 6.5% is the clinical level
used for a decision regarding a diabetes diagnosis. The MU of
HbA1c at the level of 6.5% was ±4.6% in this study. With this
point of view, taking the MU into account, the acceptable value
was between 6.2% and 6.8%. Therefore, the decision needs to
be made cautiously and interpreted with the knowledge that
the cut-off has an associated measurement error margin.
In our study, 1555 patients were affected by uncertainty values. When clinicians know the uncertainty of a measurement
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such as HbA1c, they may repeat the test at a different time
before a diagnosis is made or they may follow up clinically
or use another test for diagnosis. We used internal and external quality control results to calculate uncertainty according
to Eurachem/CITAC recommendations. Internal and external
quality controls help to assess within-laboratory reproducibility and bias (method and laboratory). The within-laboratory reproducibility includes repeatability for samples and variation
from day-to-day. According to the International Vocabulary
of Metrology, bias is deﬁned as an estimate of the systematic
error, where the systematic error is deﬁned as a “component
of measurement error that in replicate measurements remains
constant or varies in a predictable manner” [17]. Bias variation
may be evaluated using different samples over a time period
using external quality control material. This quality control
material provides essentially all of the data required for uncertainty estimation [18].
The uncertainty of an HbA1C value was below the TAE (±6%)
in our laboratory. Medical laboratories must produce the necessary data and analytical results in order to achieve the correct
interpretation and use of the results. A test result is not powerful
enough without an assessment of its reliability. The interpretation of values that are close to cut-off levels may change when
they evaluated with the MU. Therefore, reporting HbA1c analysis results with an estimation of the MU is important to demonstrate the true limits and the level of confidence. The limit values
of HbA1c results (within the MU) requires careful follow-up.
According to the results of this study, it is important that clinicians should be aware of and consider the MU during the evaluation of HbA1c test results. The MU is still relatively new in
the field of quantity measurement. We hope that MU can help
clinicians and patients to better understand the accuracy of
results and evaluate cut-off limits.
Acknowledgements: This study was approved by the ethical
committee of the research office of Ankara Polatlı Public Hospital.
This study was presented as an oral presentation at TBS Biochemical Days, May 4-7, 2017 in Kyrenia, Cyprus.
Conflict of interest: None declared.
Peer-review: Externally peer-reviewed.
Authorship contributions: Concept – G.F.A.; Design – K.U.; Supervision – G.F.A., K.U.; Fundings - G.F.A., K.U.; Materials – K.U.;
Data collection &/or processing – K.U.; Analysis and/or interpretation – G.F.A.; Literature search – G.F.A., K.U.; Writing – K.U., G.F.A.;
Critical review – G.F.A., K.U.

References
1. Ellison SLR, Rosslein M, Williams A. EURACHEM/CITAC Guide
Quantifying Uncertainty in Analytical Measurement, 2nd ed.
EURACHEM/CITAC Working Group; 2000. Available at: http://
www.iswa.uni-stuttgart.de/ch/aqs/pdf/quam2000-p1.pdf. Ac-

Int J Med Biochem

cessed 12 Apr,2018.
2. Farrance I, Frenkel R. Uncertainty of Measurement: A Review
of the Rules for Calculating Uncertainty Components through
Functional Relationships. Clin Biochem Rev 2012;33:49–75.
3. Oosterhuis WP. Gross overestimation of total allowable error
based on biological variation. Clin Chem 2011;57:1334–6.
4. Kristiansen J. The Guide to expression of uncertainty in measurement approach for estimating uncertainty: an appraisal.
Clin Chem 2003;49:1822–9. [CrossRef]
5. Clinical and Laboratory Standards Institute. EP29-A Expression of Measurement Uncertainty in Laboratory Medicine; Approved Guideline. Wayne: CLSI; 2012. Available at: https://clsi.
org/media/1420/ep29a_sample.pdf. Accesseed Jun 4, 2018.
6. American Diabetes Association. Standards of medical care in
diabetes-2007. Diabetes Care 2007;30 Suppl 1:S4–41. [CrossRef]
7. American Diabetes Association. Diagnosis and classification of
diabetes mellitus. Diabetes Care 2014;37 Suppl 1:S81–90.
8. International Expert Committee. International Expert Committee report on the role of the A1C assay in the diagnosis of diabetes. Diabetes Care 2009;32:1327–34. [CrossRef]
9. Diabetes Control and Complications Trial Research Group,
Nathan DM, Genuth S, Lachin J, Cleary P, Crofford O, Davis M,
et al. The effect of intensive treatment of diabetes on the development and progression of long-term complications in insulindependent diabetes mellitus. N Engl J Med 1993;329:977–86.
10. Tholen DW, Kallner A, Kennedy JW, Krouwer JS, Meier K. Evaluation of precision performance of quantitative methods; approved guideline. 2nd ed NCCLS Document EP5-A2 Wayne, PA:
Clinical and Laboratory Standards Institute; 2014:1–39.
11. Little RR. Glycated hemoglobin standardization--National Glycohemoglobin Standardization Program (NGSP) perspective.
Clin Chem Lab Med 2003;41:1191–8. [CrossRef]
12. Magnusson B, Naykki T, Hovind H, Krysell M. Handbook for Calculation of Measurement Uncertainty in Environmental Laboratories. NORDTEST Report TR537; 2003.
13. Türkmen S, Yıldırmak ST, Yekrek M, Çimen B, Atalay S, Çetin Paker
N, et al. Within the context of good clinical laboratory practices
evaluation of measurement uncertainty of TSH and PSA parameters. Turk J Biochem 2014;39:476–81.
14. Şentürk BA, Kaplan YC, Yiğitbaşı T, Karadaş B, Zorlu N, Sütçü
R. Evaluation of measurement uncertainty for tetradihidrocannabinol and opiate tests and its effect on clinical decision
values. Turk J Biochem 2013; 38:181–5.
15. Çelebiler A, Serin H, Güleç D, Karaca B. Measurement uncertainty in clinical biochemistry laboratories: practical application. Turk J Biochem 2011;36:362–6.
16. Öztürk Ö, Serdar MA, Öztürk M, Kurt İ. Calculation of uncertainty
for glucose: may it affect the diagnosis of gestational diabetes?
Turk J Biochem 2012;37: 68–72 [CrossRef]
17. Chen H, Zhang L, Bi X, Deng X. Two evaluation budgets for
the measurement uncertainty of glucose in clinical chemistry.
Korean J Lab Med 2011;31:167–71. [CrossRef]
18. Magnusson B, Ellison SL. Treatment of uncorrected measurement bias in uncertainty estimation for chemical measurements. Anal Bioanal Chem 2008;390:201–13. [CrossRef]

