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Abstract

Aim: Emergency laboratories require rapid, reliable test results to ensure patient safety, particularly for critical cardiac parameters. Six Sigma 
methodology offers an objective approach to assessing analytical performance by integrating precision, bias, and total allowable error. This 
study aimed to evaluate the analytical performance of high-sensitivity troponin T (Hs-TnT), creatine kinase-MB (CK-MB), and N-terminal 
pro–B-type natriuretic peptide (NT-proBNP) utilizing sigma metrics on two automated analyzers.

Methods: This study was conducted in the Clinical Biochemistry Laboratory of Ankara Etlik City Hospital using internal quality control (IQC) 
and external quality control (EQC) data collected between July and December 2024. Sigma metrics were calculated for Hs-TnT, CK-MB, and NT-
proBNP on two Roche Cobas 8000 e801 analyzers. CV%, bias%, and TEa values (Clinical Laboratory Improvement Amendments [CLIA] 2025) 
were used to compute sigma. Quality goal index (QGI) was used to further explore sources of analytical error when sigma values were below 3.

Results: Hs-TnT demonstrated excellent performance (σ ≥ 6) on both analyzers at Level 2, while NT-proBNP showed excellent performance 
on Analyzer A at Level 1. No analyte exhibited poor performance (σ < 3) on either analyzer. CK-MB displayed adequate to good performance 
depending on the analyzer and control level. QGI results supported that none of the biomarkers showed error patterns indicative of critical 
analytical problems.

Conclusion: Hs-TnT, NT-proBNP, and CK-MB demonstrated acceptable-to-excellent analytical performance according to Sigma metrics, 
confirming their reliability in emergency laboratory settings. Sigma methodology is a fundamental approach for evaluating analytical 
performance, especially for critical tests. Ongoing assessment and verification ensure analytical quality and reliable results for clinical 
decision-making.
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Introduction

“First, do no harm (primum non nocere)” as emphasized in the 
Hippocratic Oath, underscores that patient safety is fundamental 
to high-quality health care, with the ultimate goal of achieving 
zero preventable harm to patients. The World Health Organization 
(WHO) defines patient safety as “a framework of organized 
activities that creates cultures, processes, procedures, behaviors, 
technologies, and environments in health care that consistently 
and sustainably lower risks, reduce the occurrence of avoidable 
harm, make errors less likely, and reduce their impact when they do 
occur.” This definition reflects the proactive and systemic approach 
required to ensure the highest standards of healthcare.1,2

In the modern era, the demand for high-quality and rapid healthcare 
services has significantly increased, particularly in emergency 
and critical care settings, where laboratory test results directly 
influence clinical decision-making.3,4

Delayed or inaccurate emergency laboratory test results can 
lead to misdiagnosis, delayed treatment, or even inappropriate 
therapeutic interventions, all of which compromise patient safety. 
Therefore, it is essential to implement stricter quality assurance 
and control procedures in emergency laboratories to ensure the 
accuracy, timeliness, and reliability of results.5-7

In this context, the Six Sigma methodology provides a 
comprehensive framework for performance evaluation, offering 
an integrated assessment of analytical quality by incorporating 
precision, bias, and total allowable error (TEa).8 Its effectiveness 
in promoting continuous quality improvement is well documented, 
as it enables laboratories to maintain analytical reliability, reduce 
error rates, and align performance with clinical and regulatory 
expectations.9 Consequently, the Sigma metric serves as a unique 
and powerful tool that links analytical robustness to broader goals 
of patient safety and laboratory efficiency.10 The Sigma values are 
calculated with the formulation. The corresponding Sigma values 
express the following performance levels: poor performance (<3) 
indicating inadequate quality; appropriate quality necessitating 
stringent control measures (3–3.99); good quality (4–4.99); very 
good quality (5–5.99); and excellent (≥6) representing world-class 
performance.11 Nevertheless, analytical performances ranging 
between 3 and 4 Sigma have been frequently reported in laboratory 
medicine, emphasizing the need for continuous quality monitoring 
and process optimization.12,13

High-sensitivity troponin T (Hs-TnT), creatine kinase-MB (CK-MB), 
and N-terminal pro-B-type natriuretic peptide (NT-proBNP) play a 
pivotal role in the diagnosis and management of cardiovascular 
diseases, guiding clinicians in the early detection and treatment 
of myocardial injury and heart failure. As these biomarkers are 
widely used in emergency departments and critical care units, 
analytical inaccuracies can lead to delayed diagnosis, unnecessary 
procedures, or missed opportunities for timely intervention.14 
Therefore, assessing their analytical performance using Six Sigma 
methodology is essential not only for maintaining laboratory 
standards but also for enhancing patient safety. Despite its 
widespread application in clinical chemistry assays, the analytical 
performance of cardiac biomarkers has been evaluated in a limited 
number of studies using the Six Sigma methodology.

The objective of this study was to evaluate and compare the 
analytical performance of Hs-TnT, CK-MB (mass assay), and NT-
proBNP assays between two analyzers based on Six Sigma metrics, 
with the aim of elucidating inter-analyzer variability.

Materials and Methods

Sigma metrics were calculated using internal quality control 
(IQC) and external quality control (EQC) data between July and 
December 2024. The study evaluated the IQC and EQC data of 
CK-MB, hs-Troponin T, and NT-proBNP parameters obtained from 
two fully automated emergency laboratory analyzers (Analyzer 
A and Analyzer B), on which the quality controls were run. All 
analyses were performed on the Cobas 8000 e801 analyzers 
(Roche Diagnostics, Germany) using the electrochemiluminescence 
immunoassay (ECLIA) method.

IQC data were collected daily from the analyzers at two control 
levels, representing both normal and pathological ranges 
(PreciControl, Roche Diagnostics, Germany). For each parameter, 
the mean and standard deviation (SD) values generated by the 
analyzers were recorded. Additionally, the manufacturer-assigned 
reference ranges and target mean concentrations for each analyte 
were taken into account during the evaluation. For NT-proBNP, 
Level 1 (L1) controls ranged between 105.7–152.2 pg/mL with 
a target mean of 129 pg/mL, while Level 2 (L2) controls ranged 
between 3499–5035 pg/mL with a target mean of 4267 pg/mL. 
For Hs-TnT, L1 controls were within 18.9–32.8 ng/L with a mean 
concentration of 25.9 ng/L, and L2 controls were within 1792–
2422 ng/L with a mean of 2107 ng/L. For CK-MB, the L1 range 
was 4.02–7.01 µg/L with a mean of 5.5 µg/L, whereas L2 controls 
ranged from 37.5–69.8 µg/L with a mean of 53.7 µg/L. Data sets 
with missing or outlier values were excluded during the preliminary 
evaluation to ensure data quality.

To assess the analytical performance of each parameter at both 
control levels, bias (%), coefficient of variation (CV%), and sigma 
metrics were calculated.

The coefficient of variation (CV), which expresses the ratio of the 
standard deviation (SD) to the mean of a data set as a percentage, 
was calculated using the following formula: CV (%) = (SD/mean) × 
100

Bias (%) was calculated using data obtained from the OneWorld 
Accuracy (Türkiye) external quality assessment program. The 
results reported by our laboratory were compared with the mean 
values of peer laboratories within the same cycle. The following 
formula was applied for the calculation of bias: Bias (%) = ([Our 
laboratory’s EQC result – Peer group EQC mean]/Peer group EQC 
mean) × 100

The total allowable error (TEa) for each parameter was determined 
based on the acceptable performance limits reported by the Clinical 
Laboratory Improvement Amendments (CLIA) 2025.15 Using these 
values, the Six Sigma metric was calculated with the following 
formula: Sigma (σ) = (TEa% –Bias%)/CV%.

The mean sigma value was calculated for each control level using 
the six-month average CV% and Bias% values.

Quality goal index (QGI) was calculated for all analytes; however, 
if any parameter demonstrated a sigma value below 3, the 
index was used to further investigate the underlying source of 
analytical error. QGI indicates whether analytical error arises from 
imprecision, bias, or a combination of both. It was calculated using 
the following formula: QGI = %Bias/(1.5 × %CV)

A QGI < 0.8 indicated imprecision as the main contributor to 
poor performance, a QGI > 1.2 suggested inaccuracy, and values 
between 0.8 and 1.2 implied that both factors were involved.16

Ethical Approval
This study was approved by the Ethics Committee of Ankara Etlik 
City Hospital, University of Health Sciences (Date: 14.05.2025, 
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Decision No: AEŞH-BADEK-2025-175).

Statistical Analysis
All calculations, including coefficient of variation (CV), bias, sigma 
metrics, and quality goal index (QGI), were performed using 
Microsoft Office Excel (Microsoft Corp., Redmond, WA, USA).

Reporting Guidelines
This study is reported in accordance with the STROBE guidelines.

Results

Table 1 presents the CV%, bias%, and sigma metrics for NT-
proBNP, Hs-TnT, and CK-MB regarding the two analyzers. The 
findings varied depending on the analyte and control level.

Excellent analytical performance (sigma value, σ ≥ 6) was achieved 
for Hs-TnT on both Analyzer A and Analyzer B at IQC Level 2, as 
well as for NT-proBNP on Analyzer A at IQC Level 1. No parameter 
on either analyzer demonstrated poor analytical performance 
(sigma value, σ < 3) at any IQC level.

Table 2 presents the Sigma performance categories, QGI values, 
and the corresponding Westgard QC rules for NT-proBNP, Hs-TnT, 
and CK-MB across the two analyzers.

Along with the calculation of the Sigma metric, the Normalized 
Sigma Metric Method Decision Chart was applied to both analyzers 

to graphically summarize their analytical performance (Figures 1 
and 2).

Discussion

Minimizing errors in clinical laboratories is crucial for patient 
safety. Analytical performance must be observed regularly to 
secure reliable results, particularly for urgent cardiac biomarkers. 
Six Sigma methodology offers an effective framework for this 
assessment. Hs-TnT, NT-proBNP, and CK-MB are commonly used 
cardiac biomarkers with critical roles in diagnosing and managing 
acute cardiovascular conditions. According to the 2023 ESC 
guidelines, Hs-TnT is incorporated into accelerated diagnostic 
pathways using clearly defined decision limits: values below 5–6 
ng/L support ruling out myocardial infarction, while levels of 
52 ng/L or higher support ruling it in.17 Similarly, the ESC heart 
failure guidelines recommend an NT-proBNP level below 300 pg/
mL to rule out acute heart failure, with age-adjusted thresholds 
informing rule-in decisions.18 While CK-MB has a diminished 
role in contemporary diagnostic algorithms, it remains clinically 
valuable in specific scenarios, particularly for evaluating suspected 
reinfarction or when analytical interference may affect assay 
accuracy.

Within this clinical context, our study assessed the analytical 

Table 1. Average Results Over Six Months for Both Analysers Regarding Control Levels 1 and 2

Analyzers Tests CV (%) Bias (%) TEa (%) Sigma

Analyzer A

NT-proBNP-L1 4.09 4.76 30 6.17
NT-proBNP-L2 4.44 5.68
Hs-TnT-L1 4.45 13.48 30 3.71
Hs-TnT-L2 2.51 6.58
CK-MB-L1 5.18 3.73 25 4.10
CK-MB-L2 5.65 3.76

Analyzer B

NT-proBNP-L1 4.35 4.85 30 5.78
NT-proBNP-L2 4.79 5.25
Hs-TnT-L1 4.42 11.16 30 4.26
Hs-TnT-L2 2.49 7.56
CK-MB-L1 4.90 2.46 25 4.60
CK-MB-L2 5.56 4.03

Abbreviations; CV, Coefficient of variation; TEa, Total allowable error; NT-proBNP, N-terminal pro–B-type Natriuretic Peptide; Hs-TnT, High-sensitivity 
Troponin T; CK-MB, Creatine Kinase–MB; L1, Level 1; L2, Level 2

Table 2. Sigma Metrics, Quality Goal Index (QGI), Performance Categories, and Recommended Westgard QC Rules for Cardiac 
Biomarkers Across Two Analyzers

Analyzers Tests Sigma QGI Westgard Rules Sigma performance category

Analyzer A

NT-proBNP-L1 6.17 0.77 1₃s Excellent
NT-proBNP-L2 5.68 0.71 1₃s/2₂s/R₄s Very Good
Hs-TnT-L1 3.71 2.02 1₃s/2₂s/R₄s/4₁s/8x Appropriate
Hs-TnT-L2 6.58 3.58 1₃s Excellent
CK-MB-L1 4.10 0.48 1₃s/2₂s/R₄s/4₁s Good
CK-MB-L2 3.76 0.44 1₃s/2₂s/R₄s/4₁s/8x Appropriate

Analyzer B

NT-proBNP-L1 5.78 0.74 1₃s/2₂s/R₄s/4₁s Very Good
NT-proBNP-L2 5.25 0.67 1₃s/2₂s/R₄s/4₁s Very Good
Hs-TnT-L1 4.26 1.68 1₃s/2₂s/R₄s/4₁s Good
Hs-TnT-L2 7.56 2.99 1₃s Excellent
CK-MB-L1 4.60 0.33 1₃s/2₂s/R₄s/4₁s Good
CK-MB-L2 4.03 0.29 1₃s/2₂s/R₄s/4₁s Good

Abbreviations; NT-proBNP, N-terminal pro–B-type Natriuretic Peptide; Hs-TnT, High-sensitivity Troponin T; CK-MB, Creatine Kinase–MB; L1, Level 1; 
L2, Level 2
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performance of these three biomarkers using Six Sigma metrics. 
Both NT-proBNP and Hs-TnT demonstrated good performance 
across the two analyzers, whereas CK-MB exhibited performance 
ranging from adequate to good, depending on the analyzer. These 
sigma values indicate that the cardiac biomarkers used in our study 
present a high level of analytical performance. This is particularly 
important, as Hs-TnT plays a critical role in the diagnosis of acute 
myocardial infarction, whereas NT-proBNP is essential for the 
diagnostic assessment of heart failure. Therefore, confirming 
the strong analytical performance of these assays supports the 
reliability of the clinical decision-making processes in which they 
are employed.

Although the literature on cardiac biomarkers is limited, previous 
studies have reported sigma values below three for markers such 
as cTnl, CK-MB mass, and Myoglobin, highlighting the need for 
process optimization.19 Likewise, Eraldemir et al. demonstrated 
that Sigma performance varies substantially depending on the 
selected TEa source, with CK-MB reaching values above six, 
whereas NT-proBNP and Hs-TnT occasionally fell into poor-quality 
ranges.20 Üstündağ et al. also reported Sigma levels below two 
for BNP using both internal and external quality control data.21 
In our study, however, none of the evaluated cardiac biomarkers 
exhibited poor-quality sigma levels, indicating comparatively more 
consistent analytical performance.

Accurate evaluation of assay performance requires determination 
of bias and CV at clinically meaningful medical decision levels. 
Cardiac biomarkers have specific clinical decision thresholds—
such as the Hs-TnT rule-out limit and the NT-proBNP acute rule-
out threshold—at which analytical reliability is most critical. 
Accordingly, assessing Sigma metrics at these concentrations 
provides a more clinically meaningful evaluation of assay 
performance than analyses restricted to routine QC levels. 
Estimating bias accurately remains a significant challenge, since 
many EQA materials are not fully commutable and may not truly 

reflect real-world clinical performance.22 Moreover, it should be 
acknowledged that QC materials may not reliably reproduce the 
analytical behavior of actual patient samples.

Recent literature highlights the growing adoption and utility of 
Sigma-metrics in routine laboratory practice. A 2024 survey from 
the Netherlands described a three-tier structure for internal QC 
design: (1) QC based solely on analytical characteristics, (2) Sigma 
metric–guided QC rule selection, and (3) risk-based QC systems 
that extend the Sigma concept.23,24 In this context, Sigma values 
serve as a practical tool for determining QC frequency and selecting 
appropriate Westgard rules. Based on our Sigma findings, assays 
with σ ≥ 6 should be monitored using minimal QC rules (1₃s), those 
with σ 4–6 require moderate multirule strategies (1₃s/2₂s/R₄s), 
and those with σ < 4 necessitate more stringent rules and more 
frequent QC cycles (1₃s/2₂s/R₄s/4₁s/8x). This approach supports 
risk-adapted QC planning and ensures that lower-performing tests 
receive proportionally greater oversight, ultimately improving 
analytical quality and patient safety.

Although there are ongoing debates about its use, the Six Sigma 
approach still provides laboratories with a clear and practical way 
to monitor analytical quality. It helps laboratories quickly analyze 
their test performance, supports risk-based QC planning, and 
enables corrective action on low-performing tests. This balanced 
allocation of resources allows for time and cost savings while 
preserving patient safety.

Limitations

Our study has several limitations, including variability between 
reagent and QC lots, analyzer-specific factors, its single-center 
design, and the relatively short six-month duration, which may not 
fully reflect long-term assay performance. Future studies should 
include longer follow-up, more centers, and clinical outcome data 
to build a stronger picture of sigma performance.

Figure 1.  Normalized Operating Specifications Chart for Analyzer A, 
Showing 6 Months Average Sigma Values

Abbreviations: CV,  Coefficient of variation; TEa, Total allowable error; BNP, 
N-terminal pro–B-type Natriuretic Peptide; TnT, High-sensitivity Troponin T; 
CK-MB, Creatine Kinase–MB; L1, Level 1; L2, Level 2. In the figure, the region 
enclosed by the orange line and the coordinate axes represents performance 
above the 6 sigma level. The area between the orange and purple lines 
corresponds to the 5–6 sigma range, the section between the purple and 
blue lines indicates 4–5 sigma, the space between the blue and green lines 
reflects the 3–4 sigma range, and the zone between the green and yellow lines 
represents the 2–3 sigma interval.

Figure 2.  Normalized Operating Specifications Chart for Analyzer B, 
Showing 6 Months Average Sigma Values

Abbreviations: CV,  Coefficient of variation; TEa, Total allowable error; BNP, 
N-terminal pro–B-type Natriuretic Peptide; TnT, High-sensitivity Troponin T; 
CK-MB, Creatine Kinase–MB; L1, Level 1; L2, Level 2. In the figure, the region 
enclosed by the orange line and the coordinate axes represents performance 
above the 6 sigma level. The area between the orange and purple lines 
corresponds to the 5–6 sigma range, the section between the purple and 
blue lines indicates 4–5 sigma, the space between the blue and green lines 
reflects the 3–4 sigma range, and the zone between the green and yellow lines 
represents the 2–3 sigma interval.
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Conclusion

In conclusion, laboratories should regularly assess their analytical 
performance with sigma metrics, especially for critical cardiac 
biomarkers. Regular monitoring helps protect quality standards 
and ensures that clinicians have timely and accurate results to 
guide patient care.
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