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Diabetes is a chronic disease that affects the whole world. 
When the International Diabetes Federation (IDF) 2021 

data were examined, it was reported that 10.5% of the pop-
ulation had diabetes at that time, and a 46% increase is ex-
pected by 2045 [1].
The glycosylated hemoglobin (HbA1c) test, which is used to 
monitor average blood glucose levels over a 3-month period, 
has also been used as a diagnostic test for a long time [2–4]. 
Therefore, laboratories have important responsibilities in the 
early and accurate diagnosis of diabetes.

In order to determine whether HbA1c standardization has 
been achieved, the Implementation Task Force of the Inter-
national Federation of Clinical Chemistry and Laboratory 
Medicine (IFCC-TF) developed a model containing quantita-
tive data. It has been reported that sigma metric and biolog-
ical variation (BV) models can be used [5]. However, for the 
purpose of international consensus, the Sigma metric model 
is recommended [6]. In this context, the IFCC-TF recommends 
minimum and optimal sigma performance targets for HbA1c 
testing depending on the type of laboratory. A sigma level of 
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≥2 is considered acceptable for routine laboratories, while ≥4 
is expected for high-accuracy or reference laboratories.
The Six Sigma methodology enables the identification and 
measurement of process defects and is used as a quality in-
dicator according to ISO 15189:2022 Medical laboratories—
Requirements for quality and competence, meaning that it 
can measure the quality of all operational processes within 
an organization [7]. After the defects observed in the process 
are identified, the number of defects is converted to defects 
per million (DPM). DPM is then converted to a sigma value us-
ing standard conversion tables. Six Sigma indicates that there 
are 3.4 defects per million opportunities, that is, at most four 
defective results out of one million test results [8]. Six Sigma 
was first implemented in industry [9]. Its use in medical labo-
ratories began in 2000 [10]. It is now applied in almost every 
area related to laboratories, including External Quality Assess-
ment (EQA) programs and software manufacturers [8]. The 
Six Sigma method helps laboratories determine and monitor 
their own quality performance.
When calculating the sigma metric, which indicates the ana-
lytical performance of laboratory tests, reliable data on Total 
Allowable Error (TEa), bias, and coefficient of variation (CV) are 
required. Target values obtained from proficiency testing (PT)/
EQA programs or certified reference materials and methods 
can be used to determine bias. Internal quality control (IQC) 
data can be used to calculate CV [5, 8]. TEa values differ be-
tween countries and EQA programs [11].
According to the IFCC criterion, the TEa is 5 mmol/mol at an 
HbA1c concentration of 50 mmol/mol with a risk level of 2 
sigma, corresponding to approximately 10% TEa [6, 12]. Ac-
cording to the updated 2024 acceptable performance crite-
ria, the allowable limit is ±8% in the Clinical Laboratory Im-
provement Amendments (CLIA) and the College of American 
Pathologists (CAP). However, for CAP-accredited laboratories, 
it is ±6%. CAP targets CV values of ≤3.0% for all methods [13]. 
While the acceptable performance criterion in CLIA in 2019 
was ±10%, the targets have become increasingly stringent 
over the years [14]. Furthermore, while National Glycohe-
moglobin Standardization Program (NGSP)-aligned PT pro-
grams commonly apply a ±6% TEa limit for routine labora-
tory performance, NGSP method certification employs even 
stricter criteria of ±5%, reflecting its focus on method valida-
tion rather than routine laboratory assessment [13, 14].
The primary aim of this study is to evaluate how different to-
tal allowable error (TEa) models affect the sigma metric-based 
classification of HbA1c assay performance. The secondary aim 
is to assess the implications of these differences for internal 
quality control (QC) strategy and planning in routine labora-
tory practice. In addition, an exploratory objective of the study 
is to investigate potential sources of analytical error during 
periods of reduced performance using the Quality Goal Index 
(QGI), particularly in cases where sigma values indicate sub-
optimal analytical quality. QGI helps determine whether the 
problem originates from imprecision, bias, or both [15].

Materials and Methods

Materials
The study was conducted retrospectively in the Biochemistry 
Laboratory of Eskişehir City Hospital using an HbA1c analyzer 
(Adams Brand HA-8180V, Arkray KDK, Kyoto, Japan). Trace-
able, NGSP-certified calibrators supplied by Arkray were used. 
HbA1c measurements were based on HPLC methodology. The 
study was approved by the Eskişehir City Hospital Ethics Com-
mittee (Decision date: 08/03/2024, Decision No: ESH/BAEK 
2024/7) and complies with the Declaration of Helsinki. Inter-
nal quality control materials from the extendSURE brand were 
also used throughout the study. The lot numbers of the con-
trols used during the year were 7125, 7132, 7137, and 7140. No 
patient data were used; only IQC and PT data were analyzed.

Methods
The analyzer processed two levels of IQC samples each day, 
one containing low values and the other containing high 
values. IQC data were obtained from the Laboratory Module 
Quality Control page, which received data transferred from 
the analyzer to the Hospital Information Management System 
between January 1, 2023, and December 31, 2023. Internal 
quality control was performed using the 13s/R4s/41s rules, 
and inappropriate control results were excluded.
Between-day CV% values (CVbetween) were calculated sepa-
rately for each month for low-level IQC (CV1%) and high-level 
IQC (CV2%). During periods in which different IQC lots were 
used, the pooled CV approach was applied to avoid overesti-
mation of analytical imprecision resulting from lot-to-lot vari-
ations in control means. This approach minimizes the artificial 
inflation of CV values caused by such shifts and provides a 
more accurate estimation of analytical performance. Pooling 
was performed using standard deviation (SD) values in the 
original measurement units. First, the pooled standard devi-
ation (SDpooled) was calculated by combining the standard 
deviations of individual lots weighted according to their re-
spective numbers of measurements. The pooled mean (Mean-
pooled) was calculated as the weighted average of the means 
of individual lots according to their sample sizes. Subsequently, 
the pooled coefficient of variation (CVpooled%) was calcu-
lated using SDpooled and Meanpooled. Additionally, to reflect 
long-term performance, 12-month CV1pooled and 12-month 
CV2pooled values were calculated using the same formulas.
The PT study was performed once a month at a single level. PT 
data for 2023 (12 samples) were obtained from the QualiCont 
program, and bias% values were calculated for each month us-
ing peer-group means as target values. Both signed bias and 
absolute bias values were evaluated. Signed bias values were 
used to assess the direction of systematic error and for clinical 
interpretation, whereas absolute bias values were used in sig-
ma metric and total analytical error (TAE) calculations to repre-
sent the magnitude of analytical error. To obtain a more robust 
estimate of long-term bias, a weighted mean signed bias was 
calculated by considering the peer-group size for each PT cy-
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cle. In addition, a weighted mean absolute bias was calculated 
and used for the 12-month sigma metric and TAE calculations. 
This approach minimizes the influence of PT cycles with small-
er peer-group sizes and ensures consistency between bias esti-
mation and sigma-based performance evaluation. Bias estima-
tion may be unstable because of small peer-group sizes, which 
directly affect sigma metrics. Sensitivity analysis comparing 
weighted and unweighted bias values was not performed.

Sigma metrics and total analytical error (TAE) of the test were 
calculated using the obtained CV% and bias% values with the 
relevant formulas.

The following TEa limits were applied: 8% for CLIA 2024, 6% 
for NGSP, and 10% for IFCC.

QGI results were interpreted descriptively to support error 
characterization and were not used as a primary decision cri-
terion for analytical performance classification or sigma met-
ric calculation.

Statistical analysis
Calculations were performed using Microsoft Excel 2010 
based on the formulas presented below, using data obtained 
from the Hospital Information Management System and the 
QualiCont website.

Equation 1. CV% = (Standard deviation / Mean)×100

Equation 2.  SDpooled =

Meanpooled= 

CVpooled% = (SDpooled / Meanpooled)×100

ni: represents the number of measurements for the corre-
sponding IQC lot.

SD i: represents the standard deviations of the corresponding 
IQC lot.

Mean i: represents the mean value of the corresponding IQC lot.

The index i refers to different IQC lots.

Equation 3. Bias% = [(Laboratory result – Peer group mean) / 
Peer group mean] × 100

Equation 4. 12-month Weighted Absolute Bias%= ∑ (wi × |Bi-
asi|) / ∑ wi

Biasi: Absolute Bias value (%) for each month.

wi: Monthly PT participant number.

Equation 5. 12-month Weighted Signed Bias%= ∑ (wi×Biasi)/ ∑ wi

Biasi: Signed Bias value (%) for each month.

wi: Monthly PT participant number.

Equation 6. Sigma value = (TEa% − |Bias%|) / CV%

Equation 7. TAE = |Bias%| + (1.65 × CV%)

Equation 8. QGI = |Bias|/ (1.5 × CV)

According to this classification, QGI values <0.8 indicate im-
precision, values between 0.8 and 1.2 reflect a combination of 
imprecision and inaccuracy, and values >1.2 indicate inaccu-
racy as the predominant source of error.

Results
CV% values obtained from both levels of HbA1c internal qual-
ity control (IQC) measurements are presented in Table 1. All 
monthly CV1 and CV2 values remained below 3%. In contrast, 

Table 1. Monthly bias, imprecision (CV%), and total analytical error (TAE) values for HbA1c assay

Month
 

Bias% CV1 %
 

TAE 1
 

CV2%
 

TAE 2
 

n Bias %

January 4 -1.64 2.40* 5.60 1.99 4.92
February 5 -1.79 2.04 5.16 1.55 4.35
March 9 -0.63 2.06 4.03 2.74 5.15
April 4 -6.84 2.05* 10.22▪ 2.37* 10.75▪

May 5 -1.25 1.96 4.48 2.07 4.66
June 6 2.58 1.06 4.33 1.21 4.58
July 5 -6.07 1.35 8.30• 1.38* 8.35•

August 4 -2.02 1.60 4.66 1.56 4.60
September 7 2.00 1.68* 4.77 2.19 5.62
October 7 0.69 1.62 3.36 1.73 3.54
November 5 -1.45 2.42 5.44 2.51 5.59
December 7 -0.11 1.39 2.40 1.64 2.81
12-month Weighted Absolute Bias 1.99 3.67* 8.05* 1.98* 5.26

Weighted Signed Bias -0.98
Bias% values were derived from proficiency testing (PT) results using peer-group means as target values. CV1% and CV2% represent between-day imprecision for low- and 
high-level IQC materials, respectively. TAE was calculated for both control levels. n indicates the number of laboratories in the peer group using the same method, instrument, and 
reagent combination. Pooled CV values (CVpooled) marked with * were calculated during lot transition periods. ▪: Indicates unacceptable performance according to all quality 
specifications. •: Indicates unacceptable performance according to CLIA and NGSP criteria. IQC: Internal quality control; IFCC: International Federation of Clinical Chemistry; CLIA: 
Clinical Laboratory Improvement Amendments; TAE: Total analytical error; PT: Proficiency testing.
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the 12-month CV1pooled value was 3.67%, which exceed-
ed the acceptable limit and indicated poor overall precision. 
During the study period, shifts in control means were observed 
between different IQC lots (for IQC Level 1: means of 5.5%, 
5.09%, 5.5%, and 5.4%; for IQC Level 2: means of 10.4%, 10.19%, 
and 11.4%). Due to differences in mean values during lot tran-
sition periods, CVpooled% was calculated for certain months. 
The marked symbols represent the CVpooled% values.
The bias% values obtained from the 12-month PT program 
data for the HbA1c test are presented in Table 1. Monthly bias 
values ranged between −6.84% and +2.58%. The weighted 
mean signed bias was −0.98%, indicating a slight systematic 
underestimation of HbA1c results. In contrast, the weighted 
mean absolute bias was 1.99%, which was used for sigma met-
ric calculations to represent the magnitude of total analytical 
error. Most bias results were negative, except for Months 6, 9, 

and 10 of the QualiCont program, which showed positive bias 
values. Two PT cycles (Months 4 and 7) demonstrated marked 
negative bias (−6.84% and −6.07%, respectively).
The TAE values are also presented in Table 1. In April, unaccept-
able performance was observed for both TAE at the low level of 
internal quality control (10.22) and at the high level (10.75) ac-
cording to all criteria (IFCC, CLIA, and NGSP). In July, TAE at the 
low (8.30) and high (8.35) IQC levels was considered acceptable 
according to IFCC criteria but was deemed unacceptable accord-
ing to CLIA and NGSP criteria. TAE1 was 8.05% for the 12-month 
period (acceptable only according to IFCC), whereas 12-month 
TAE2 was 5.26% (acceptable according to IFCC, CLIA, and NGSP).
Monthly sigma values calculated using IFCC, CLIA, and NGSP 
TEa specifications are presented in Table 2. April was the only 
month with unacceptable performance across all models. July 
showed acceptable performance only under IFCC criteria but 
not under CLIA or NGSP criteria, as shown in Table 3. Analytical 
performance varied substantially depending on the selected 
TEa model. According to IFCC criteria, performance was ac-
ceptable (σ≥2) in 11 out of 12 months (91.7%) for both IQC 
levels. Under CLIA criteria, acceptable performance decreased 
to 10 out of 12 months (83.3%). Using NGSP criteria, accept-
able performance further declined to 8/12 months (66.7%) for 
IQC-1 and 9/12 months (75.0%) for IQC-2 (Table 4).

Table 2. Monthly sigma performance and analytical error classification according to IFCC, CLIA, and NGSP criteria

Month IQC-1 σ (IFCC / CLIA / NGSP) IQC-2 σ (IFCC / CLIA / NGSP) QGI (IQC-1 / IQC-2) Error type

January 3.49/2.65/1.82 4.20/3.20/2.19 0.5 / — Imprecision
February 4.02/3.04/2.06 5.30/4.01/2.72    
March 4.55/3.58/2.61 3.42/2.69/1.96  — / 0.2 Imprecision
April 1.54/0.57/0.41 1.33/0.49/-0.35 2.2 / 1.9 Inaccuracy
May 4.47/3.45/2.43 4.23/3.26/2.30    
June 7.00/5.11/3.23 6.13/4.48/2.83    
July 2.91/1.43/-0.05 2.85/1.34/-0.05 3.0 / 2.9 Inaccuracy
August 4.99/3.74/2.49 5.11/3.83/2.55    
September 4.76/3.57/2.38 3.65/2.74/1.83  — / 0.6 Imprecision
October 5.75/4.51/3.28 5.38/4.23/3.07    
November 3.53/2.71/1.88 3.41/2.61/1.81 0.4/0.4 Imprecision
December 7.12/5.68/4.24 6.03/4.81/3.59    
long term 2.18/1.64/1.09 4.05/3.04/2.03 0.4/ — Imprecision
Sigma values were calculated using IFCC, CLIA, and NGSP total allowable error (TEa) specifications. QGI (Quality Goal Index) was applied for identification of dominant analytical er-
ror sources. Negative sigma values indicate extremely poor analytical performance. IQC: Internal quality control; IFCC: International Federation of Clinical Chemistry; CLIA: Clinical 
Laboratory Improvement Amendments.

Table 3. Comparative classification of analytical performance 
according to TEa models

Month IFCC (σ≥2) CLIA (σ≥2) NGSP (σ≥2)

January √ √ ×
February √ √ √
March √ √ ×
April × × ×
May √ √ √
June √ √ √
July √ × ×
August √ √ √
September √ √ ×
October √ √ √
November √ √ ×
December √ √ √
√: Acceptable performance (σ ≥2), ×: Unacceptable performance (σ <2). IFCC: 
International Federation of Clinical Chemistry; CLIA: Clinical Laboratory Improvement 
Amendments; TEa: Total allowable error.

Table 4. Proportion of acceptable analytical performance 
across TEa models

TEa Model IQC-1 acceptable
months (σ≥2)

IQC-2 acceptable 
months (σ≥2)

IFCC 11/12 (91.7%) 11/12 (91.7%)
CLIA 10/12 (83.3%) 10/12 (83.3%)
NGSP 8/12 (66.7%) 9/12 (75.0%)
The proportion of months meeting acceptable performance (σ ≥ 2) was highest for 
IFCC, followed by CLIA, and lowest for NGSP for both IQC levels. IQC: Internal quality 
control; TEa: total allowable error.
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Sigma metrics for the 12-month period at the IQC-1 level 
were 2.18 (IFCC), 1.64 (CLIA), and 1.09 (NGSP), indicating ac-
ceptable performance only under IFCC criteria, while perfor-
mance under CLIA and NGSP criteria was unacceptable. For 
IQC-2, sigma values were 4.05 (IFCC), 3.04 (CLIA), and 2.03 
(NGSP), indicating acceptable performance under all three 
quality specifications (Table 2).
The IQC-1 level, being closer to clinical decision limits, is addi-
tionally presented in Figure 1 to more clearly demonstrate its 
variation across months and under different quality specifi-
cations. Overall, performance varied markedly by month and 
quality specification, with the highest sigma values observed 
under IFCC criteria and the lowest under NGSP criteria.
QGI analysis identified the dominant source of analytical error 
(Table 2). Inaccuracy was identified in April and July (QGI>1.2), 
whereas imprecision was observed in several months, includ-
ing January, March, September, and November (QGI<0.8). The 
long-term QGI value (0.4) indicated that imprecision was the 
dominant contributor to overall performance limitations at 
the low IQC level.
The distribution of sigma values revealed a substantial opera-
tional impact, as shown in Table 5. Under IFCC criteria, 33.3% 
(IQC-1) and 41.7% (IQC-2) of results fell below 4 sigma (mod-
erate QC burden). Under CLIA criteria, this increased to 75.0% 

and 66.7%, respectively (high QC burden). Under NGSP crite-
ria, 91.7% (IQC-1) and 100% (IQC-2) of results were below 4 
sigma, indicating a substantial increase in QC burden. These 
findings demonstrate that stricter TEa models significantly in-
crease the required QC intensity.
In terms of quality control (QC) requirements, stricter TEa mod-
els led to a substantial increase in QC stringency. When NGSP 
criteria were applied, multirule QC strategies with increased 
control frequency (n=4, R=45) were required in the majority of 
months, whereas IFCC criteria allowed less stringent QC pro-
cedures during several periods. This corresponds to a relative 
increase in QC requirements when transitioning from IFCC- to 
NGSP-based evaluation.

Discussion
This study evaluated the analytical performance of the HbA1c 
assay using sigma metrics based on three different TEa mod-
els: IFCC, CLIA, and NGSP. The main finding was that the same 
analytical system can be classified into different performance 
categories depending on the selected TEa model, leading to 
corresponding changes in QC requirements.
While the IFCC model demonstrated acceptable perfor-
mance, the CLIA and, particularly, the NGSP criteria revealed 
lower sigma values and greater analytical limitations, espe-

Table 5. Observed QC burden based on <4 sigma performance for IQC-1 and IQC-2

Criteria
 

QC intensity QC intensity

% σ <4 (IQC-1) % σ <4 (IQC-2)
IFCC 33.3% Moderate QC Burden 41.7% Moderate - Increased QC Burden
CLIA 75.0% Increased QC Burden 66.7% Increased QC Burden
NGSP 91.7% Markedly Increased QC Burden 100% Markedly Increased QC Burden
Percentages were calculated based on monthly sigma values. QC burden classification was derived from sigma thresholds <4. IQC-1 and IQC-2 datasets were evaluated inde-
pendently. IQC: Internal quality control.

Figure 1. Sigma metrics for HbA1c at IQC-1, which is closer to clinical decision limits, were 
evaluated according to IFCC, CLIA, and NGSP quality specifications.
A horizontal reference line at 2 sigma indicates the minimum acceptable performance threshold. Performance 
deterioration is evident in April, July and long term, particularly under stricter quality criteria. IFCC: International 
Federation of Clinical Chemistry; CLIA: Clinical Laboratory Improvement Amendments; TEa: Total allowable error.
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cially for the clinically significant IQC-1 (decision level) in 
long-term sigma evaluations.
April and July were identified as the most critical periods. April 
showed failure across all TEa models, while July failed under 
CLIA and NGSP criteria. QGI analysis indicated that most errors 
during these periods were due to inaccuracy, supporting the 
likelihood of systematic error. Possible causes may include cal-
ibration issues and lot-to-lot variations; however, a root-cause 
analysis was not performed in this study.
These three TEa models were compared because IFCC is ac-
cepted as the reference framework for international standard-
ization [16], while NGSP links HbA1c results to clinical inter-
pretation by associating them with diagnostic thresholds and 
treatment targets [17]. The TEa limits defined by CLIA are based 
on a combination of biological variation, clinical risk, and ana-
lytical performance [18]. There is currently no consensus in the 
literature regarding the selection of a TEa model [6, 9, 19–23], 
and a resolution is not expected in the near future [24].
According to sigma metric-based QC planning, the design of 
statistical quality control procedures was stratified according 
to analytical performance levels. For assays with sigma values 
greater than 6, a simple 13s rule with two control levels and a 
large run size (R≈1000) was considered sufficient. For sigma 
values between 5 and 6, a multirule strategy (13s/22s/R4s) 
with two control levels and a reduced run size (R≈450) was 
applied. As performance decreased further (sigma between 4 
and 5), additional rules (41s) and increased control levels (n=4) 
were required, with a run size of approximately 200. For assays 
with sigma values below 4, the most stringent QC design (13s/
22s/R4s/41s/6x) with four control levels and a significantly 
reduced run size (R≈45) was implemented, reflecting the in-
creased need for error detection in low-performance assays 
[25–27]. In this study, the QC burden increased from IFCC to 
CLIA and was highest under NGSP criteria.
QGI was used solely to identify the source of errors. It showed 
that most errors were due to imprecision in the majority of 
months, whereas inaccuracy was dominant in April and July. 
Therefore, a targeted QC approach, rather than a fixed QC 
strategy, is required.
Since processed samples are used in the PT program, peer-
group means were used for bias calculation [13]. The use of 
weighted bias estimation increased reliability [28]. A negative 
weighted signed bias may lead to underreporting of HbA1c, 
which is particularly critical at clinical decision limits [29]. IFCC 
has also announced that, starting in 2025, the direction of bias 
will be incorporated into quality targets.
From a clinical perspective, higher sigma values indicate lower 
analytical error and reduce the risk of misdiagnosis or inap-
propriate treatment [30]. Importantly, differences in sigma 
classification across TEa models may lead to different clinical 
interpretations of the same analytical performance.
This study has some limitations. The sigma calculations were 
based on a single center and a defined monitoring period. The 
study did not include correlations with patient outcomes; there-

fore, clinical impact was inferred indirectly from analytical per-
formance metrics. Future studies involving different instruments, 
longer monitoring durations, and clinical outcomes will help pro-
vide a more comprehensive understanding of the relationship 
between analytical quality and clinical impact. Additionally, the 
relatively low number of participants in the peer group of the PT 
program represents a significant limitation. This may affect the 
reliability of bias estimation and consequently influence sigma 
metrics, particularly in months with smaller peer-group sizes.
These findings highlight the importance of continuous mon-
itoring in laboratory quality management. However, no root-
cause analysis or corrective and preventive actions were per-
formed within the scope of this study; therefore, the results 
should be interpreted as performance indicators rather than 
confirmed analytical errors. Nevertheless, regardless of the 
selected quality specification, borderline sigma performance 
at low concentration levels indicates the need for ongoing 
efforts to improve analytical performance.
The analytical findings of this study suggest that performance 
differences observed across TEa models may have clinical rele-
vance when HbA1c results are interpreted near diagnostic deci-
sion limits. In particular, the presence of a slight negative bias and 
reduced sigma performance at low concentration levels indicate 
that analytical variability may become more critical in borderline 
patient results. These observations do not introduce new find-
ings beyond the analytical results but rather translate them into 
a clinical context, highlighting the importance of selecting ap-
propriate quality specifications for reliable result interpretation.

Conclusion
The analytical performance of HbA1c varied significantly de-
pending on the selected total allowable error (TEa) model, 
resulting in different sigma-based classifications for the same 
analytical system. This demonstrates that TEa selection has a 
direct impact on performance evaluation and quality control 
strategy in routine laboratory practice.
Overall, while acceptable performance was observed under 
less stringent criteria, reduced sigma performance at clinically 
relevant concentration levels highlighted potential limita-
tions when stricter quality specifications were applied. These 
findings emphasize the importance of selecting appropriate 
quality goals to ensure consistent and reliable analytical per-
formance in laboratory medicine.
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