	
	The NGS Quality Workgroup developed these documents and tools for use by next-generation sequencing laboratories. These documents and tools were developed based upon best available information, reviewed, edited, and approved by the participants in the group listed above. Prior to implementing these processes in your lab, review the date the document was finalized (included in the file name) and take any necessary actions to ensure the information remains applicable. These documents and tools are not controlled files; you are encouraged to modify the format (e.g. header/footer, sections) as needed to meet the document control requirements of the quality management system within your laboratory.

	
	NGS Method Validation SOP 

	
	Document #:
	 Revision #:
	 Effective Date: 
	   Page 11 of 12



Purpose
This procedure provides general guidance for approaching validation of Next Generation Sequencing (NGS) laboratory methods that establishes and documents the performance specifications of a test method. This document was primarily developed for isolate sequencings, but included are other elements to consider for broader intended use and additional specimen types.

1.0 Scope
1.1 This procedure should be used as guidance when the laboratory is validating Laboratory Developed Tests (LDT).
1.2 This procedure is not intended to, nor does it meet, the regulatory requirements of FDA for approval to market an in vitro diagnostic device (i.e., 510(k), PMA).
1.3 It is expected that each program will examine this guidance in light of their assay and intended use and add any additional studies or study questions to ensure the full support of their intended use and resulting diagnoses with documented scientific evidence.
1.4 The lifecycle of NGS method adoption includes Assay Development, Assay Validation, and continuous Quality Management. This SOP describes the steps necessary to fulfill assay validation. It is expected that Assay Development is a precursor to the use of the SOP and that Quality Management will occur continuously throughout the useful life of the method.

2.0 Related Documents
	Title
	Document Control Number

	NGS Method Validation Plan	
	

	NGS Method Validation Summary Report
	

	NGS QC Guidance for (Illumina/MinION/Ion Torrent) Workflows
	

	Bioinformatics QC Workflows
	

	Training SOP (include the SOP your laboratory uses for training on this method)
	






3.0 Responsibilities
	Position
	Responsibility

	Laboratory Staff
	· Perform method validation according to an approved plan

	Team Lead/Designee
	· Prepare a method validation plan for the test
· Ensure the method validation is performed as planned and documented
· Approve the validation results

	Quality Manager / Designee
	· Ensure the method validation documentation, including all data worksheets and records, are completed, approved, and retained

	Unit Chief / Designee
	· Review and approve the validation plan as described in Method Validation Plan prior to initiating the study
· Ensure the method validation is coordinated with appropriate SME
· Review and approve the summary results as described in the Method Validation Summary Report prior to placing the test in use
· Ensure tests are validated and receive applicable approvals prior to placing the test in use

	CLIA Laboratory Director
	· Approve completed method validations for assays utilized to perform testing to which CLIA regulations apply



4.0 Definitions/Terms
NGS methods are used to answer many different questions. The application of performance metrics may change based on the specific use case. Below are definitions used for the purposes of this document for the most common performance metric terms in NGS. 
	Term
	Definition

	Accuracy
	True value or closeness of agreement between a test result and the accepted reference value; verification that the assay is measuring what it proposes to measure

	Precision (reproducibility)
	Closeness of agreement between independent test results obtained under stipulated conditions

	Sensitivity
	The test method’s ability to obtain positive results in concordance with positive results obtained by the reference method or with known positive samples

	Specificity
	The ability of the test method to obtain negative results in concordance with a negative result obtained by the reference method or with known negative samples; also, ability of the method to measure only the component it purports to measure and not interfering substances

	Limit of detection
	The lowest amount of the analyte in a sample that can be consistently detected 95% of the time

	Reference Value or Normal value
	For qualitative tests, the normal value is the reference value among healthy individuals in the laboratory’s patient population(s). These values are made appropriate for the laboratory’s patient population(s).

	Applicable Genome Region
	The region of the genome in which sequence of an acceptable quality can be derived by the laboratory test. 

	Clinical Validity (as applicable)
	The ability of a diagnostic device to measure or detect the clinical condition for which the device is intended. Data and/or references should support that the method is used to analyze the correct analyte in the correct sample type(s) from the correct population(s) at the correct time point(s) with appropriate sensitivity/specificity to support he method’s intended use and interpretation of results.



5.0 Applied & Extended Definition Examples
The examples of “pathogen identification” and “characterization by SNP detection” provided in this section are meant to illustrate the process a laboratory may go through in applying the definitions to a specific use case. There are many use cases for NGS and each use case has the potential to be different. Laboratorians should work with their quality manager and laboratory director to ensure the definitions of True Positive Samples and True Negative Samples are being applied appropriately.

5.1 Accuracy: 
a. Interpretation: The overall ability of the method to both correctly identify True Positive samples and True Negative Samples (NGS WG)
b. Calculation
i. [(TP + TN) / (TP + FN + TN + FP)] x 100%
c. Example 1. Pathogen Identification: An NGS method is used to identify 5 species of bacteria (Bacteria 1, Bacteria 2, Bacteria 3, Bacteria 4, and Bacteria 5). True Positive samples will be defined as samples containing any of these 5 bacteria that are correctly identified by the method. True Negative samples will be defined as any samples that do not contain Bacteria 1 -5 and that are correctly identified as lacking of the 5 bacteria of interest. False Positive is defined as any sample that lacks Bacteria 1 – 5 but is identified by the method as containing one of the bacteria of interest. False Negative is defined as a sample that contains any of Bacteria 1 – 5 and is not identified by the method. Note in this example Positive and Negative are defined at the result level, not the sequence data level. 
d. Example 2. Characterization by SNP Detection: An NGS method is used to detect SNPs. The SNP of interest is SNP 1 A -> C. True Positive samples will contain a C at the SNP site and the sequence data will show a C at the SNP site. True Negative samples will contain at A at the SNP site and the sequence data will show an A at the SNP site. False positives are samples that do not contain a C at the SNP site, but the sequence data shows a C at the SNP site. False negatives are samples that contain a C at the SNP site but the sequence data shows either an A, G, or T. Note in this example Positive and Negative are defined at the sequence data level.
5.2 Precision: 
a. Interpretation: The degree to which repeated sequence analyses give the same result. (Gargis 2012)
i. Repeatability: with-in run precision where sequencing the same samples multiple times using the same conditions (such as operator, reagent lot, and system) gives the same result
ii. Reproducibility: Between run precision where sequencing the same sample multiple times using different conditions gives a similar result
iii. Because reproducibility is more difficult to achieve, if reproducibility is obtained, repeatability does not need to be assessed. 
iv. Conditions to change
· Different Operator (2 suggested)
· Different days tested (3 suggested, spaced over 20 days)
· Library Prep (if more than 1 library prep method used)
· Different equipment (if applicable)
· Different reagent lots  
b. Calculation
i. Qualitative
· (# of results in agreement / total # of results) x 100
ii. Quantitative: As a best practice, use a quantitative raw result to measure precision.
· Coefficient of Variance = (Standard deviation / mean) x 100
· Example: ANI results in a numerical ANI score. Calculate the CV of the ANI score using the data from the precision runs.
c. Example on how to test: 
i. Example 1: Select a subset of the samples used to establish accuracy. Test the samples on 3 or more sequencing runs using multiple operators and instruments as applicable. Calculate reproducibility using either the qualitative or the quantitative approach.
5.3 Sensitivity:
a. Interpretation: The likelihood that the assay will detect the targeted sequence or sequence variations, if present. (Gargis 2012, modified by NGS QW)
b. Calculation
i. [TP / (TP + FN)] x 100
5.4 Specificity:
a. Interpretation: The likelihood that the assay will not detect the targeted sequence or sequence variation when none are present. (Gargis 2012, modified by NGS QW)
b. Calculation
i. [TN / (TN + FP)] x 100
5.5 Limit of Detection:
a. Interpretation: The LOD is represented by two data points: the bioinformatics LOD and the biological LOD. (AMP/CAP 2017, modified by NGS QW)
i. Establishing the bioinformatics LOD requires determining the minimum required sequencing depth of coverage and consensus needed for the method’s intended purpose. Depth of coverage is the number of independent reads assessed at a given base position. Additionally, establish the lower limit for quality of base calls necessary for the method to perform its intended purpose.
ii. Biological LOD involves determining the minimum amount of biological target material necessary for the assay to detect it. For example, a clinical specimen may contain differing levels of virus or bacteria along with human DNA, or a bacterial sample may contain some fraction of bacterial cells that are resistant to antimicrobials. Establish the minimum amount of target material necessary to accurately fulfill the assay’s intended purpose. 
b. Example on how to test: 
i. Example 1: Pathogen Identification: Establish the informatics LOD by loading different dilutions of sequencing libraries or using data down sampling. Determine the minimum depth of coverage and minimum base call quality score necessary to accurately identify the bacteria. Establish the biological LOD by preparing clinical matrices spiked with decreasing amounts of the target of interest. Determine the minimum amount of target material present in the clinical matrix necessary for the assay to perform as intended.
5.6 Reference Value/Normal Value:
a. Interpretation: Reportable sequence or sequence variations the assay can detect that are expected to occur in an unaffected population, the range of values typically found in individuals who do not have the disease or condition that is being assayed by the test. A reference value may not be applicable if testing is performed to qualitatively characterize (e.g., serotyping) clinical isolates.
b. Example on how to test: 
i. Example 1: Normal, healthy individuals would be expected to test negative for Bacteria 1 – 5, which are infectious diseases. Test samples from normal healthy individuals (True Negatives) to document that the samples are correctly identified as lacking one of the 5 bacteria of interest.
ii. Example 2: Normal healthy individuals do not have SNP 1 A -> C. Test samples from normal healthy individuals (True Negatives) to document that the samples are correctly sequenced as A at the SNP site.
5.7 Applicable Genome Region:
a. Interpretation: The region of the genome targeted for sequencing may be the entire genome (Whole genome sequencing) or targeted regions. Describe the portion of the genome from which sequence data will be used to generate results. (NGS QW)
5.8 Clinical Validity:
a. Interpretation: The accuracy with which a genetic test identifies a particular clinical condition (Holztman and Watson, 1999).
b. Calculation: Positive Predictive Value (PPV) and Negative Predictive Value (NPV) are important measures of clinical validity
i. PPV = TP / (TP + FP)
ii. NPV = TN / (TN + FN)

6.0 Stage 1: Planning and Development
6.1 Draft the technical procedure. The documented procedure remains in draft form through the validation process. However, record any changes in the final report.
6.2 Method Validation Plan serves as a record of the validation planning. 
6.3 Define the Purpose for the validation.
a. Describe whether the validation is designed to evaluate a newly developed method, a newly modified method, or a newly expanded method.
b. Identify the comparison or recognized reference method that will be used for comparison. Include the anticipated benefit of the new method (e.g. increased accuracy, lower costs, quicker turnaround time, resource availability, new analytes).
6.4 Provide a Summary of the Test Procedure Purpose/Principle: 
a. Describe the assay result and regulatory type. Include information on the analyte detected and how the results will be used.
6.5 As applicable, describe limiting factors and justification for small sample size. 
6.6 Define the Acceptance Criteria for the validation plan.
a. Define the expected performance of the method during validation, necessary to ensure the intended use will ultimately be met.
b. Expected performance is expressed in the form of minimum acceptance criteria for the validation. Include the criteria listed in Section 5:
6.7 Define the Sample Requirements for the validation plan.
a. Determine the appropriate sample types, volumes, and quantities (e.g., serum, 100 µl, n = 20).
i. When appropriate, the same set of samples may be used to evaluate accuracy, sensitivity, and specificity. Precision, or measurement reproducibility, may be evaluated by repeating a sub-set of these samples on different days by different personnel. Clinical samples should be used to determine the clinical accuracy, clinical sensitivity, and clinical specificity. 
ii. True positive samples should fulfill three criteria:
· Genetic diversity – select samples that are representative of the genetic diversity expected given the test method’s intended use. Depending on the test method’s purpose (e.g. identification, characterization), genetic diversity may be interpreted as the type of organisms expected to be identified and/or the type of sequence variations (e.g. deletions, splice sites, SNPs, %GC) expected.
· Expected submission volume – select samples representative of the expected submissions. For example, if Bacteria 1 is expected to make up 50 % of the submissions and Bacteria 2 – 5 make up the other 50 % collectively, include a greater number of Bacteria 1 samples in the True Positive set.
· Public Health Impact – select samples that cause the greatest harm or disease to individuals. For example, if Bacteria 5 or SNP1 cause the greatest disease or harm to individuals but are expected to be submitted for testing only on rare occasions, they should still be included in the True Positive set.
iii. True negative samples should fulfill three criteria:
· Genetic similarity – select samples that are genetically similar to establish the test method’s ability to distinguish between negative and positive samples
· Symptom similarity – select samples that contain organisms or conditions that cause similar symptoms to the organism(s) or condition(s) of interest
· Healthy Population (if applicable)– select samples that represent a normal, healthy population
b. Record each matrix to be validated as part of the plan. Sample sets should be prepared in each matrix to be validated.
c. Provide a summary of the sample volume and total number of samples of each type that will be required to perform the plan. The required sample size and number should be based on statistical techniques and account for unique issues (i.e. technology or the biology of the condition being studied).
i. Note: The appropriate number of samples depends on many factors, including but not limited to: expected precision, assay complexity, prevalence of the target(s) in the indicated population, sample availability, established accuracy of the reference method, data analysis, and level of statistical confidence that the user is willing to accept.
d. Provide the sample requirements for the evaluation of each of the acceptance criteria. Include the number of samples needed and an example of the calculation to be used for evaluation.
e. Select the samples and reference materials to be used during the validation, and record the source of the materials. Additional information such as catalog numbers, lot numbers, and specific purity requirements should be included in the Description/Characterization column as applicable.
f. If known positives are not available, the appropriate matrix (e.g. serum, sputum, spinal fluid) may be spiked with known levels of analyte. Interfering substances may be spiked as well.
6.8 Record the following elements within the plan to provide logistics and traceability for the proposed validation.
a. Roles and Responsibilities: Identify the individuals responsible for performing the validation procedure itself, as well as ancillary tasks, including document management, equipment maintenance, and approvals.
b. Timeline: Identify the anticipated sequence of events, including estimated time requirements and target dates for completion.
c. Related Documents: Provide a list of procedures, including established supporting procedures and the draft procedures under evaluation, necessary to perform the validation.
d. Instrumentation: Identify the equipment to be used as part of the test method and performance criteria. Include a list of equipment that is expected to be used for the validation, including serial or ID numbers and maintenance/calibration dates.
e. Bioinformatics Pipeline: Record the name of the pipeline, the version number for each tool within the pipeline, parameter settings used in each tool, developer, and technical support of each component of the pipeline, including the hardware, software, transmission system, backups, and networks.
f. Training Requirements: Identify training required to operate equipment as well as perform testing, calibration, and maintenance procedures for personnel involved in performing the validation protocol.
6.9 Prior to testing and analysis, laboratory leadership reviews and approves the NGS Method Validation Plan. Approval is recorded through signatures at the end of the section.

7.0 Stage 2: Testing and Analysis
7.1 Implement required training.
a. Prior to performing testing procedures, operators should complete training as required per the plan.
i. Note: Training may include both internal training on the method and supporting procedures, as well as external training provided by a supplier or manufacturer.
b. Record training, including attendees and dates completed, in the summary report.
7.2 Perform testing according to the completed plan.
7.3 Analyze data resulting from validation tests.
a. Evaluate data against the acceptance criteria established in the plan. The preliminary expectation is that all criteria will be met when testing is performed as detailed in the plan.
b. In the case where results fail one or more acceptance criteria, the underlying reason should be identified and a corrective action selected.
7.4 Perform corrective action as necessary. The action will generally be one of three options. Record the details of any corrective action in Changes to the method validation plan within the NGS Method Validation Summary Report.
a. Option 1: If there appears to be a unique, one-time occurrence that led to failing acceptance criteria, then the protocol may be performed a second time without changing the method or acceptance criteria.
i. Note: Record both sets of data. In the Evaluation of discrepant results section, describe the reason for the initial failure and why it is not expected to recur.
b. Option 2: If the failure requires a change to the method, then a revision to the method should be drafted and approved along with any necessary updates to the plan.
i. Note: Record both draft versions of the method and both versions of the plan. Subsequent versions of the plan should be identified as revisions of the first. In the Changes to the method validation plan section, describe the changes to the method and the rationale behind them. 
c. Option 3: If the acceptance criteria can be changed while maintaining the intended use of the method, the acceptance criteria may be updated to reflect the performance of the method.
i. Note: Record any changes to the acceptance criteria in the Changes to the method validation plan section, along with a justification and an analysis of the potential impact or lack thereof.

8.0 Stage 3: Reporting and Implementation
8.1 Record the following elements in the NGS Method Validation Summary Report.
a. Changes from the method validation plan: Record any changes that were necessary during the validation process, to the method, plan, or acceptance criteria.
b. Summary of Results: Designate whether each of the acceptance criteria has been met, and provide a synopsis of the actual value measured for each of the acceptance criteria detailed in the plan.
c. Interpretation of Results: 
i. Evaluation of discrepant results: Provide reasoning for discrepant results and evidence to support acceptance of the result or the process put in place to address the limitation.
ii. Limitations: Record any limitations to the method that were discovered during the validation process. Describe processes put in place to mitigate the limitations.
iii. Disclaimers, as applicable: Provide language used in disclaimers that will be included on the final test report provided to submitters.
iv. Fast Tracked test QA monitoring plan, as applicable: For tests that have been fast tracked due to urgent public health need, provide the planned QA monitoring activities to gather additional evidence of test performance.
d. Statement of Suitability
8.2 Submit the completed NGS Method Validation Summary Report for final approval to the personnel identified during the planning stage.
a. Note: If the method is subject to CLIA regulations, the NGS Method Validation Plan and the NGS Method Validation Summary Report, with all approval signatures, must be sent to the CLIA Laboratory Director to support the approval of the technical procedure.
8.3 Finalize technical procedures according to Document Control best practices.
8.4 Monitor test performance according to Quality Control Program best practices.
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11.0 Approval
This document has been approved by the CDC CLIA Laboratory Director as the standard practice for CLIA-regulated CDC Infectious Diseases Laboratories under certificates 11D0668319 and 11D2030855.


Approved By:  _________________________________ Date: _______________
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Appendix A: Common 2x2 table format for comparing results of a new test outcome to the reference standard outcome 
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Predictive values take into account the prevalence of the disease in the population being tested [e.g., the higher the prevalence, the higher the likelihood that a positive result is a True Positive].
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