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Replicate analysis during analytical testing
Summary Document 
Findings from a facilitated discussion, between peer laboratories, on replicate analysis. 
Eurachem Ireland would like to thank all those who participated in the facilitated discussion.

Introduction
The question of replicate analysis is one that must be considered when analytical testing is carried out. While guidance is available on the use of replicates during method validation [1, 2] as part of internal quality control [3] or the impact of replicate analysis on measurement uncertainty [4] and its use in compliance assessment [5], there is a lack of general guidance available on replicate analysis during routine use of a test method. Guidelines produced by the European Directorate for the Quality of Medicines and HealthCare (EDQM) are available which provide a protocol to manage pharmaceutical samples which are out-of-specification [11].
When analysing a test sample, how many replicates should be carried out? If the test sample must undergo repeat analysis, how many replicates should then be carried out? Should a laboratory have criteria in place for comparability of replicates and how are these criteria determined? What should be done if these criteria are not met? 
Eurachem Ireland organised a facilitated discussion on replicate analysis in September 2021 that brought representatives of a number of Irish laboratories together to discuss and to share knowledge and their approaches to the management of replicate analysis. This document has been prepared based on the facilitated discussion and aims to provide some guidance to laboratories determining their own approach to replicate analysis during analytical testing.
Procedure for replicate analysis
Laboratories that carry out analytical testing should document a procedure for replicate analysis. When developing this procedure they should take into account legislation and sectoral guidelines which may have requirements for the number of replicates which must be carried out and what is reported to the customer. In the absence of such guidelines, assessing what the test method is used for and the needs of the customer should ensure the procedure for replicate analysis is fit for purpose. 
The following are different approaches employed by the participating laboratories and it is suggested that they are points for consideration when a laboratory is devising its own policy:
Initial analysis carried out singly
· Initial analysis is a screening analysis. Any positive results will be repeated using a confirmatory method;
· Initial analysis is confirmatory but the analytes are banned. A negative result is likely and the aim of the initial analysis is to confirm a negative. Any positive results will be repeated;
· Sample size is limited.
Initial analysis carried out in duplicate
· Positive results are expected. For example, the analysis may be to determine compliance to a declared value;
· The results of the analysis are expected to be used in court;
· Historically, there has been a lack of matrix homogeneity.
Repeat analysis carried out singly
· Analysis is labour intensive and low numbers are analysed per batch;
· Repeat analysis is being carried out due to a QC or some other failure during initial analysis. There is no indication from the initial analysis that the test sample may be non-compliant;
· Sample size is limited.
Repeat analysis carried out in duplicate
· Initial analysis indicated that the test sample may be non-compliant.
If initial or repeat analysis is to be carried out in duplicate, the laboratory must document in advance what constitutes an acceptable replicate result and what is reported to the customer. The laboratory may choose to implement a repeatability criterion. This can be an absolute value, for example:

The difference between the results of the duplicate determinations must not exceed:
0.2% in absolute value for ash contents less than 10%
Absolute values are calculated as follows: % Crude Ash (higher result) -% Crude Ash (lower result); 

or a relative value, for example:

The difference between the results of the duplicate determinations must not exceed:
2% of the higher figure for ash contents of not less than 10%
Relative values are calculated as follows:
[(% Crude Ash (higher result) -% Crude Ash (lower result))/ Crude Ash (higher result)] x 100

Repeatability criteria can be specified in legislation, sectoral guidelines or in EN or ISO standard methods. Alternately, repeatability criteria can be determined during validation of a method or by gathering data of replicate analysis during routine use of a method. Repeatability can be calculated using the standard deviation of the normalised differences. This procedure is described in the Eurachem/CITAC guide: Quantifying Uncertainty in Analytical Measurement [4]. 
The laboratory should document what will be reported to the customer. Usually, the average of the replicates is reported, once the repeatability and other acceptance criteria are met. 
Procedure when the acceptance criteria for replicate analysis are not met
The laboratory’s procedure on replicate analysis should document the steps the laboratory follows if the acceptance criteria for replicate analysis are not met. This procedure will often involve further repeat analysis in duplicate. This can be an issue if the sample submitted to the laboratory is small. The laboratory may have insufficient sample to carry out another analysis. In this situation, the laboratory may consider implementing a minimum sample size and any samples smaller than this minimum are rejected on submission to the laboratory. Alternately, the laboratory may contact the customer and request further sample. 
A failure of the replicate analysis to meet acceptance criteria may indicate a lack of homogeneity in the sample. Laboratories should consider the following when developing their replicate analysis procedure:
· Ensuring a representative laboratory sample is taken from the batch/lot being sampled is not the responsibility of the testing laboratory when the testing laboratory does not carry out the sampling. The testing laboratory can give relevant feedback to the body responsible for the sampling, however;
· A failure of the replicate analysis to meet acceptance criteria may indicate that the sample preparation steps such as mixing, milling, homogenisation etc. were insufficient. The procedure may include a re-homogenisation of the entire original sample before test aliquots are taken for repeat analysis;
· Certain sample preparation steps can cause samples and/or analytes to degrade and so these steps may only be carried out for repeat analysis;
· Freeze-thawing may impact sample and/or analyte stability;
· When laboratories are responsible for sampling, repeat analysis may include re-sampling.
Reporting results when the acceptance criteria for replicate analysis are not met
There are a number of approaches a laboratory may take when it has analysed a sample, repeated it in duplicate, repeated in duplicate again following re-sampling/re-homogenising if appropriate, and the replicate analysis still fails to meet acceptance criteria. Whichever approach a laboratory chooses to take, it should be agreed with the customer and documented in the replicate analysis procedure. If the test method is accredited, it may be advisable to discuss the approach with INAB. In each case it should be noted on the test report that the replicate analysis failed to meet acceptance criteria. Some suggested approaches are:
· The average of all replicates is reported;
· The average of the repeat analysis replicates is reported;
· The average of replicates which are within the MU of the test method of each other is reported;
· The average of the two closest replicates is reported;
· The lowest of the results is reported – this may be useful in areas where maximum levels are set in legislation and the legislation is written so as to give the “benefit of the doubt” to the producer;
· The average of replicates may be reported as an “indicative” result or state that the result is “in the order of”;
· The laboratory may state that a test report cannot be issued. In this case, the customer should be contacted and the reason for not issuing a test report discussed.
The use of outlier tests
When a laboratory has analysed a test sample a number of times and repeatability has failed, the use of outlier tests may be considered to determine if one or more of the data points are outliers. Incorrectly retaining or omitting a data point can have a significant effect on a test result, particularly if the dataset is small. We must have a basis for data rejection, rather than just thinking a data point looks “out”. The ISO recommended test for outliers is the Grubbs test [6].
Grubbs test for outliers
· The Grubbs test is based on significance testing;
· It assumes the population has a normal error distribution;
· It tests the hypothesis that all measurements come from the same population;
· The G statistic is calculated (Gcal);
· The critical value of G (Gcrit) is obtained from statistical tables (significance level in this case is 0.05);
· If Gcal>Gcrit, then the null hypothesis (H0) is rejected and the suspect value is deemed to be an outlier.
Calculation of G statistic:

Note:  and s are calculated with the suspect value included, as H0 presumes that there are no outliers.


Q-Test (Dixon’s test)
Another test which may be used to determine if a suspect value is an outlier is the Q-test. 
· The Q-test compares the differences between a suspect value and the measurement nearest to it in size within the range of measurements.
· It assumes the population has a normal error distribution;
· It tests the hypothesis that all measurements come from the same population;
· The Q statistic is calculated (Qcal);
· The critical value of Q (Qcrit) is obtained from statistical tables (significance level in this case is 0.05);
· If Qcal>Qcrit, then H0 is rejected and the suspect value is deemed to be an outlier.
Calculation of Q statistic:


Usefulness of outlier tests for replicate analysis – the power of n
The usefulness of the outlier tests in replicate analysis can be demonstrated using the following example.
The following values were obtained for the nitrite concentration (mg/L) in a sample of river water:
0.403, 0.410, 0.401, 0.38.
The last measurement is noticeably lower than the others and is suspected of being an outlier. Should it be rejected from the data set?
Both the Grubbs and the Q tests for outliers were applied to the data.
	Test
	Calculation
	Test Statistic
	Critical Value
	Outlier?

	Grubbs
	(0.380-0.399)/0.013
	1.46 (Gcal)
	1.481 (Gcrit)
	No

	Q
	(0.380-0.401)/(0.410-0.380)
	0.7 (Qcal)
	0.829 (Qcrit)
	No



The result of both outlier tests agree – there is no evidence to suggest that the suspect data point can be designated as an outlier and therefore its removal from the dataset cannot be justified.
Three further measurements were made so that the complete dataset (n=7) is:
0.403, 0.410, 0.401, 0.380, 0.405, 0.413, 0.408.
Again, both the Grubbs test and the Q-test were used to determine if 0.380 is an outlier.
	Test
	Calculation
	Test Statistic
	Critical Value
	Outlier?

	Grubbs
	(0.380-0.403)/0.011
	2.09 (Gcal)
	2.02 (Gcrit)
	Yes

	Q
	(0.380-0.401)/(0.413-0.380)
	0.636 (Qcal)
	0.568 (Qcrit)
	Yes



This time, there was sufficient evidence to classify 0.380 as an outlier and therefore warrant its removal from the dataset.
This highlights that the ability of outlier tests to classify outliers increases as the number of data points in the replicate dataset increases. However, as n increases, the impact that a single outlier will have on the mean value decreases. Therefore, as datasets from replicate analysis tend to be quite small, the usefulness of outlier tests may be limited. In addition, the presence of more than one outlier can result in masking effects. Handling multiple outliers is possible but increases complexity of analysis. For the Grubbs test, the minimum sample size advised is 7. While the Q test is recommended for smaller sample sizes, the tests are increasingly reliable with higher sample sizes.
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Conclusion
Laboratories carrying out analytical testing should have a documented procedure for replicate analysis. The procedure should record how many replicates are carried out for initial analysis of a test sample and how many are carried out for repeat analysis. This should be based on legislation, sectoral guidelines, what the test method is to be used for and the needs of the customer. If replicate analysis is carried out, the procedure should include acceptance criteria for the replicates. The procedure should also document the steps carried out if replicate analysis fails to meet acceptance criteria. When determining what should be reported to the customer, outlier tests can be a useful tool. They must be treated with caution as they assume a normal distribution, are less powerful with a small dataset and can be impacted by the presence of more than one outlier. The procedure for replicate analysis should document if a test report will be issued to the customer when replicate analysis fails to meet acceptance criteria and, if a test report is issued, how the result will be reported.
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