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Abstract   

Measurement uncertainty is the concept which provides the interval in which the true value of a measured property is expected to lie. Mandated by the latest international standard for laboratory accreditation, measurement uncertainty has important implications where analytical data are used for risk analysis and compliance. Although a well established concept in calibration labs where simpler physical measurements are involved, the application of measurement uncertainty is relatively new to testing laboratories where random sources of uncertainty dominate. A practical approach to estimation of measurement uncertainty, determined preferably from existing data, is required if cost effective data is to be provided. Most analytical methods can be described by a relatively small number of analytical method types. Formal uncertainty analysis can then be applied to these few models; significant sources of uncertainty are identified; simplifications applied; and significant sources quantified by applying statistical analysis of existing quality control and test method validation data. Data are then combined into an estimate of overall measurement uncertainty. The statistical tools are not particularly complex, but establishing the validity of the assumptions and simplifications involved requires knowledge of the test and properties of the existing data. As well, knowledge of the assumptions and interpretations applied are critical to the conclusions drawn by the end data user. Examples of both inorganic and organic analytes are given to illustrate the uncertainty analysis.

Introduction
High stakes decisions often made based on analytical test data.  Uncertainty has not always been recognized as inherent and important consideration in the decision making process.  Stricter management practices and high profile incidents (e.g., questionable forensic testing, outbreaks of food and waterborne illnesses, etc.) have brought attention to laboratory analysis and its role in industry, in public welfare and in the valuation of commodities. 

Stakeholders and policymakers expect certainty in data used to make decisions.  There is uncertainty in risk assessment itself resulting from “true uncertainty” which is quantifiable in terms of probability, and “indeterminacy” which is due to factors for which the probabilities are unknown.  Part of the quantifiable “true” uncertainty is the uncertainty inherent in the measurement data.  Knowledge of the uncertainties in these data is essential for appropriate risk assessment, for benchmarking and monitoring.  

Laboratories used to report uncertainty as the standard deviation calculated from data for an internal control sample, e.g., a duplicate. In Figure 1, results from two laboratories are shown. Although the difference between the two labs is only 5%, estimating uncertainty only from control samples would lead to a conclusion that the two labs provide different results.

A measurement uncertainty estimation that is also taking into account method and laboratory bias and using a coverage factor of 2, can give uncertainty values which may be a factor of 2 to 5 times higher than previously (Figure 1). Now, the results of the two labs are in good agreement. This does not reflect a change in the performance of the laboratory, just a much better estimation of the real variation between laboratories. 
This situation is further elaborated upon in Case Study 1.
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Figure 1. Comparing results from two laboratories 
Uncertainty can thus be used as in Figure 1, to decide whether there is a difference between results from different laboratories, or results from the same laboratory at different occasions (time trends etc.)
Uncertainty is also necessary when comparing results to allowable values, e.g. tolerance limits or allowable (legal) concentrations. To make a correct decision one needs the uncertainty together with the result [See also Eurachem, 2007].
[image: image1]Uncertainty not considered

Consider four analytical results  

   A= 11.5 units

   B = 9.0 units

   C = 10.3 units

   D = 9.8 units 

for a property which has a compliance limit of 10.0 units as plotted left.  

Without further information, we would conclude the levels are above the limit in A and C and are below the limit in B and D.
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Uncertainty taken into account 

Now consider the same results with a confidence interval of ± 0.5 units represented by vertical bars.  Results A and B would be interpreted in the same way.  However for C and D the intervals straddle the limit and the interpretation of whether they exceed the limit is less definite.  
Figure 2. Interpreting measurement uncertainty with respect to a regulatory limit. 

Remember the meaning of the result D is:  The result is expected to lie in the interval 9.8 to 10.8 units with a coverage probability of 95%.  

Meaning of Uncertainty

Measurement Uncertainty: A parameter associated with the result of a measurement that characterizes the dispersion of values that could be attributed to the property measured.

One can think of a test result as a “best estimate” of some property and the uncertainty as how sure one can be of that best estimate.  It is a measure of the “quality” of the result.

It is important to recognize that uncertainty of measurement does not imply doubt about the validity of a measurement. Rather knowledge of uncertainty specifies and quantifies confidence in the validity of a measurement and therefore adds value to the measurement result.  It has been argued that if the uncertainty of a measurement is not known, then that measurement has little or no value.  

Traceability and its Relation to Uncertainty

Analytical data is often used for comparative purposes such as conformity to a “standard” or “limit”.  To compare results from different laboratories of from the same laboratory at different times with known confidence, all labs must be using the same “reference points”.  These common reference points are achieved by establishing traceability.  That is, calibrations that can be related to primary national or international standards (ideally S.I. units of measurement) through an unbroken chain of comparisons all having stated uncertainties.  Agreement between labs (or within labs over time) is limited by the uncertainties in the traceability chain.  So traceability places measurements on a consistent and comparable measurement scale.  Uncertainty characterizes the strength of the links in the chain and characterizes the agreement to be expected between labs making similar measurements.

Strategies for evaluating measurement uncertainty
Accredited Environmental Laboratories need to fulfill the requirements of ISO/IEC 17025 with respect to the estimation of uncertainty of measurement associated with environmental testing for those tests which produce numerical results [CALA, APLAC, 2006]. The requirement which underlies this policy is that given in ISO/IEC 17025, Clause 5.4.6. 

The laboratories need to report the expanded uncertainty estimate as part of the reported result when the reporting of the estimate of measurement uncertainty is

· Required by the client, or

· Required to establish that the data is 'fit-for-purpose', or

· Required because the data is being used to establish compliance.
There are two main approaches that can be taken in estimating the uncertainty of measurement associated with testing. 
1. The first method, termed Type A, estimates uncertainties through the use of experimental data such as that from routine laboratory QA/QC work (duplicates, reference material usage, method validation studies, and proficiency testing (PT) and other inter-laboratory programs, for example).

2. The second method, Type B, involves the cause and effect-based metrological estimation of specific uncertainties from each identified source of uncertainty. It is similar to the approach used by calibration laboratories.
The first approach (Type A) is the one used by accrediting agencies like CALA and SCC in Canada when requiring estimations of the uncertainty of measurement for analytical laboratories. There are some advantages to the Type A uncertainty approach [CALA]:
· The EURACHEM CITAC Guide Quantifying Uncertainty in Analytical Measurements states “Where a factor has been representatively varied during the course of a precision experiment … that factor needs no additional study.”[Eurachem, 2000]
· Virtually all of the data required is already present in laboratory files.

· Little time is required to estimate the uncertainty for individual methods using the laboratory historical data.

· Little training is required to enable laboratory staff to do the necessary calculations.

· The resulting estimate is robust and defendable to clients and specifiers.

· The resulting estimate is relatively easy to assess during assessments.

Uncertainty estimation approaches.
The most widely understood modelling approach to evaluation of uncertainty is described in chapter 8 of the GUM [ISO, 2008]. This procedure is based on a model formulated to account for the interrelation of all the influence quantities that significantly affect the measurand. Spreadsheets are readily available to do the calculations.

Other approaches presented here are as valid as the modelling approach and sometimes lead to more realistic evaluation of the uncertainty.

The major sources of variability can often be assessed by method validation study. Estimates of bias, repeatability, and within laboratory reproducibility can be obtained by organizing experimental work inside the laboratory. Information can also be obtained from quality control data (control chart). Combined with experimental investigation of important individual effects, this approach provides essentially all of the data required for uncertainty estimation. This is the single laboratory validation approach 
The most important issues are:

· First, to vary, during the repetition of the experiment, a majority of influence quantities that can affect the result.

· Second, to assess the bias (or trueness) of the method. The use of certified reference materials (CRMs) and/or comparison with definitive or reference methods can help to evaluate the component of uncertainty related to the trueness.

Proficiency tests are intended to check periodically the overall performance of a laboratory. The laboratory’s results from its participation in proficiency testing can accordingly be used to check the evaluated uncertainty, since that uncertainty should be compatible with the spread of results obtained by that laboratory over a number or proficiency test rounds (see Case Study 3 below).
The “PT approach” can also be used to evaluate the uncertainty. For example, if the same

method is used by all the participants to the PT scheme, the standard deviation is equivalent to an estimate of interlaboratory reproducibility and can, in principle, be used in the same way as the reproducibility standard deviation obtained from collaborative study.
Eurolab Technical Report No. 1/2007 “Measurement Uncertainty Revisited” [Eurolab, 2007; Eurolab, 2006] provides an example of uncertainty assessment of the measurement from proficiency test results, and a Nordtest guide [Nordtest, 2003] provides a simple general approach.

Using the Type A Approach

Using the measurement of NO2 in air as an example, the following steps involve the use of experimental data to estimate the uncertainty of measurement [Swyngedouw, 2004]. 
· Using the test method SOP and the final result-calculation equation, all potential sources of uncertainty are identified. See Figure 3 Process flow and Figure 4 initial cause and effect diagram.
· Simplify the Cause and effect diagram by using cancelling and combining effects.
· Estimate the magnitude of any source of uncertainty.

· Tabulate each source of uncertainty and its associated SD, and/or relative SD (RSD) derived from the repeat data set(s) matched to it, or from the estimate made. See Table 1 as an example.
· Using only those SDs that are 1/3 or more the size of the largest individual SD, calculate the combined standard uncertainty using standard propagation of error rules (the square root of the sums of squares of SDs known as the “root sum of squares” - RSS). For example, the source from the SRM is often way less than that of other sources. See Table 4 as an example.
· Apply the appropriate coverage factor 'k' (similar to the Student’s t-factor).
· Report the result with the expanded uncertainty and with a description of how the uncertainty was calculated.

[image: image2]
Figure 3. Process Flow for NO2 in air by the triethanolamine exposure method.
With the variables as shown above in figure 5, the final equation of the measurand is:

mg NO2 / day / 100 cm2 = [(S x Rs) x (V / VSm)  / (d x A)] x Fother x Fext x Fcoll
Where S = S(Ci, Ri)
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Figure 4. Initial Cause and Effect Diagram for the NO2 analysis in air
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Figure 5. Simplified Cause and Effect Diagram.
The resulting uncertainties are checked for completeness by comparing the calculated uncertainty with the dispersion of the results of replicate measurements (e.g., client duplicates), also including bias if suitable reference objects are available, and supplemented as necessary (see case study 3 PT verification below).
Case studies
Example 1 -- Uncertainty and concentration
The measurement uncertainty will normally vary with concentration, both in absolute and relative terms. The variation of uncertainty with the observed result is shown in Figure 6 [Eurachem, 2000, Figure E.4.1; Swyngedouw, 2004]. 

[image: image5]
Figure 6. Variation of uncertainty with observed result.
The approach used existing quality control, proficiency testing and validation data to obtain uncertainty estimates covering all significant lab sources which allowed to quantify both level dependent and non-level dependent (“background”) sources and combine them into an Uncertainty function in the form:
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where:
s1 is the level dependent source of uncertainty


so is the level independent source of uncertainty and

x is the measured result

A plot of the uncertainty function is shown as the solid line in Figure 6.  The level dependent sources are represented by the slope of the stippled line, the background by the horizontal dashed line.  
Sulfate in feed socks is used as an example. An experiment was carried out a number of times to investigate within-lab reproducibility over the measurable range. 


[image: image7]
Figure 7. Within lab reproducibility for sulfate over the concentration range

It is clear from the results that the measurement uncertainty, here represented by %RSD, is strongly concentration dependent (Figure 7). 
One could use an equation that describes how the measurement uncertainty varies with               concentration. Plotting %RSD against 1/concentration gives a straight line, and a relatively simple equation. (See Figure 8).


[image: image8]
Figure 8. The relationship between within-lab reproducibility and the inverted concentration for sulfate.

The straight-line equation above shows the within-lab reproducibility equals 7.6 multiplied with 1/concentration plus 0.89. For example, at a concentration of 6.7 mg/kg the within-lab reproducibility becomes 2 %.  The above method of calculating the measurement uncertainty is rather simple [Nordtest, 2003] and may easily lead to a situation depicted in Figure 1.
An uncertainty estimation using a combined approach obtains the uncertainties shown in Table 1. The relative contributions to the overall uncertainty are depicted in Figure 9.
Table 1 Uncertainties for the measurement of sulfate in feed stocks

	Description of Source
	Standard Relative Uncertainty uc
	Expanded (95%) Relative Uncertainty

	u Dup
	0.061
	0.122

	u L
	0.036
	0.072

	u Ref
	
	 

	u Bias
	0.004
	0.008

	 
	
	 

	uc (Combined Relative Uncertainty)
	0.071
	0.14

	so (From Precision Study)
	0.034
	0.07


[image: image9.emf]0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070

u Dup

u L

u Ref

u Bias

Uncertainty Source

Standard Relative Uncertainty


Figure 9. Relative contributions to the overall uncertainty for the measurement of Sulfate in feed.
The uncertainty equation (1) (as shown in Figure 6) at a sulfate concentration of 6.7 mg/kg leads to an expanded uncertainty  of 14% (coverage factor 2) at a 95% confidence level . This can be related back to the right side of Figure 1.
Example 2 – Calibration uncertainty
For calibrated methods, often the contribution of the calibration is evaluated separately. That is, it does not cancel out.

Having determined a calibration function, the equation is inverted to assign a concentration (
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Equation  (2) can also be written in terms of the mean x and y values from the calibration, to remove the constant term a (intercept) and its correlation (covariance) with the slope b. As
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The standard error of the estimate of the concentration from the mean of m responses, y0, is usually given as [Eurolab 2006]:
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(4)
where there are n points in the calibration, and
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 and 
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 are the means of the calibration data. 
The standard uncertainty u(x) of the above equation reaches its maximum at the limits of the calibration range.  These maxima can thus be used to estimate an upper bound for the contribution of calibration to the overall uncertainty for a measurement.
Table 2 shows the results of a simple calibration curve for naphthalene (not adjusted for internal standards). The upper level of the prediction interval at the intercept (YUB) corresponds with a concentration (XUB) of 198 ng/ml [Wernimont, 1985].
Table 2. Prediction Intervals for a Naphthalene Calibration
	y =
	5266.39
	+
	270.51
	*         x
	

	
	ng/mL
	area
	
	
	

	
	Xi
	estY
	prediction interval 
	minus
	plus

	
	0
	5266
	53484
	0
	58750

	
	10.0
	7971
	53462
	0
	61433

	
	20.0
	10677
	53440
	0
	64116

	
	50.0
	18792
	53376
	0
	72168

	
	100.0
	32317
	53272
	0
	85590

	
	200.0
	59368
	53079
	6290
	112447

	
	500.0
	140521
	52604
	87917
	193126

	
	2000.0
	546286
	52718
	493568
	599004

	
	3000.0
	816796
	55049
	761747
	871845

	
	5000.0
	1357815
	64159
	1293656
	1421975

	
	
	
	
	
	

	
	
	
	
	
	

	replicates (m)=
	1
	
	

	YUB=
	58750
	at intercept
	
	
	

	XUB=
	198
	 
	
	
	

	XLM=
	393
	LOQ 
	
	
	

	YLM=
	111501
	 
	
	
	

	
	
	
	
	
	


These Prediction intervals for the calibration of naphthalene are shown in figure 10.
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Figure 10. Calibration curve for naphthalene, the prediction intervals and XUB
When an estimate of the true analyte concentration is required and that concentration is close to a natural limit (e.g., zero), any part of the expanded uncertainty interval that lies outside the possible range is truncated (e.g., the negative values are truncated to zero, as shown in Figure 10 for the lower prediction band)[Cowen 2006].
Table 3 shows the confidence intervals for an estimated concentration using equation (4).
The uncertainties u(x) were then obtained by dividing the confidence interval with the Student’s t-factor. Here an average uncertainty of 85 ng/mL is calculated, corresponding to a concentration dependent contribution of 0.071. Also shown is that at the LOQ level of 393 ng/mL, the uncertainty is 0.21, while it is 0.41 at the LOD. The figure 11 illustrates this graphically.
Table 3. Uncertainty calculations from the calibration of Naphthalene
	y
	est x
	95% CI
	Upper
	Lower
	U(x)
	

	5540
	1
	198
	199
	0
	84
	 

	7097
	7
	198
	204
	0
	84
	 

	19290
	52
	197
	249
	0
	83
	 

	34011
	106
	197
	303
	0
	83
	78%

	59914
	202
	196
	398
	6
	83
	41%

	150435
	537
	194
	731
	342
	82
	15%

	510609
	1868
	194
	2062
	1674
	82
	4%

	856294
	3146
	205
	3351
	2941
	87
	3%

	1347355
	4961
	236
	5198
	4725
	100
	2%

	111500
	393
	195
	588
	198
	82
	21%



[image: image18] 
Figure 11. Relative uncertainties for naphthalene

Example 3 – Checking an uncertainty estimate against proficiency test results (Ref 5)
Although the Guide to the Expression of Uncertainty in Measurement [GUM, in ISO, 2008] (see clause 5.4.6.3, Note 3 of ISO/IEC 17025) offers a rigorous approach to the estimation of uncertainty, it is still recommended to test and verify the validity of results from a particular approach. 
The uncertainty obtained from a single laboratory validation approach using CRMs could easily be checked through inter-laboratory comparison tests or from the results of a PT study.

Most proficiency testing schemes in analytical chemistry use the scoring system recommended in the Harmonised Protocol [Thompson 2006]. In this system, the participant’s result x is converted into a z-score 
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Here xa is the assigned (or consensus) value, the provider’s best estimate of the true value (often a robust mean), as shown in figure 12, taken from an interlaboratory study.

[image: image20.emf] 
Figure 12. Consensus values for an interlaboratory study

In equation (5), 
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 is the standard deviation for proficiency assessment. In an ideal scheme, the value of 
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 is determined by fitness for purpose: it represents the account of uncertainty in the result that is tolerable in relation to the purpose of the analysis (AMC 2002 and AMC 2005). The 
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 here describes the end-user’s requirements, not the data. An example of a
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 equation is 0.20xa. The provider puts limits of acceptability on the value of z. Often, a |z| score greater than 3 provides an unsatisfactory performance. See figure 13 for an example.
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Figure 13. Standard deviations for a proficiency assessment.
When the laboratory’s result is unbiased and distributed normally, and their run-to-run standard deviation σ is equal to
[image: image26.wmf]p
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, then their z-scores will be z~N(0,1), that is, taken at random from a normal distribution with zero mean and unit variance.
On average then, about 1 in 20 of such z-scores will fall outside the range +/- 2 and only about 3 in 1000 fall outside +/- 3. 
If a participant’s run-to-run standard deviation σ is less than 
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, then fewer points fall outside the limits. If σ > 
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, then a greater proportion would fall outside the limits. 
In reality though, laboratory results also include a (systematic) bias . Such biases may often comprise the major part of the total uncertainty in the result and they always increase the proportion of the results falling outside the limits. 
If the laboratory’s collected z-scores over a period can be taken as zero-centered, and with a standard deviation of unity, then their real uncertainty will be consistent with the scheme’s prescribed uncertainties over the relevant concentration range. If the mean z-score is significantly different from zero, or the standard deviation is significantly greater than unity, then the lab’s uncertainty is probably worse than the scheme’s prescription. 
Figure 14 shows an unsatisfactory z-score for naphthalene having a value of -3.55.
[image: image29.emf]
Figure 14. z-scores for naphthalene
A poor z-score is indicative of a problem, but it is not a diagnostic. Further information is required to determine the (root) cause of the poor result.  In this case, poor extraction recovery caused the very negative score. An average concentration of 0.2 mg/kg was measured for the consensus value of 0.775 mg/kg. 
z = (0.22 – 0.775)/(0.2*0.775) = -3.55

Table 4. Naphthalene Uncertainties
	Description of Source
	Standard Relative Uncertainty uc
	Expanded (95%) Relative Uncertainty

	u Dup
	0.054
	0.108

	u L
	0.150
	0.299

	u Ref
	0.002
	0.004

	u Bias
	0.012
	0.025

	u calib
	0.071
	0.141

	 
	
	 

	uc (Combined Relative Uncertainty)
	0.174
	0.35

	so (From Precision Study)
	0.087
	0.017


Comparing the relevant uncertainties for naphthalene to the standard deviation for the assessment (0.2 * 0.775 = 0.155) shows that the combined uncertainty for duplicates, calibration and bias is 0.18 at the consensus concentration, which is just larger than 0.155, indicating agreement. The uncertainty estimates are thus realistic. No long term uncertainty contribution was applied for this study, but needs to be considered when several interlaboratory studies were undertaken.
Uncertainty estimates based on interlaboratory studies with due attention to systematic effects would be recommended for routine analyses. 
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