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SCIENTIFIC WORKING GROUP ON DNA ANALYSIS METHODS[footnoteRef:2] [2:  The Scientific Working Group on DNA Analysis (SWGDAM; see SWGDAM.org) is comprised of forensic science practitioners and other experts who represent government laboratories within the U.S and Canada, as well as intra- and international professional groups and academia. SWGDAM recommends to the FBI Director revisions to the Quality Assurance Standards for Forensic DNA Testing Laboratories and the Quality Assurance Standards for DNA Databasing Laboratories (QAS). SWGDAM provides a forum for its members and invited guests to discuss research, technologies, techniques, and training; and conduct or recommend studies to develop, test, and validate methods for use by forensic laboratories. SWGDAM’s Guidelines and Recommendations represent best practices within the discipline. The term “should” is used herein to indicate good practices identified by SWGDAM. “Must” distinguishes mandatory elements, which may be specified in the Quality Assurance Standards for Forensic DNA Testing Laboratories and/or Quality Assurance Standards for DNA Databasing Laboratories. 
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INTERNAL VALIDATION OF REAL-TIME PCR DNA QUANTITATION SYSTEMS MODULE
Short Title: Internal Quantitation Validation Module
Effective MONTH, DAY, YEAR

Scope
The SWGDAM Internal Validation of Real-Time PCR DNA Quantitation Systems Module contains minimum requirements and best practice guidelines to assist laboratories in designing internal validation experiments as required by the FBI’s Quality Assurance Standards for Forensic DNA Testing Laboratories (Forensic QAS). A quantitation system is comprised of a DNA quantitation kit and a real-time thermal cycler.  Commercially available quantitation kits generally include a DNA sample of known quantity to create a standard curve, an internal positive control, and primers specific for autosomal, Y-chromosome, and degradation targets. Internal validation shall be conducted using samples of varying quantity, quality, and biological material(s) encountered in forensic casework to assess the reliability and determine the potential limitations of the quantitation system. Laboratories may have validation experimental approaches that differ from those listed in this document; such approaches can be utilized if they generate enough empirical data to determine the capabilities and limitations of the system and support the laboratory’s standard operating procedures. 
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Key Concepts:
· The laboratory shall address the quantitation of DNA samples based on sample type, method, and workflow as stated in the FBI's Quality Assurance Standards for Forensic DNA Testing Laboratories 2025.
· The main purpose of quantitative PCR is to provide an estimate of the amount of DNA present in an extracted sample so it can be properly targeted for amplification.
· Estimated total autosomal DNA amounts, male DNA amounts, and/or the internal positive control results obtained from quantitative PCR may also provide additional data (e.g., ratio of male-to-female DNA, a degradation index, and the presence of inhibitors) to assist with downstream processing decisions (e.g., Y-STR testing, screening for male DNA, and stop at quantitation).

[bookmark: Introduction]Introduction
[bookmark: _Hlk175651122]The purpose of a real-time quantitation system (also referred to as quantitative PCR or qPCR) is to provide an estimate of the amount of DNA present in an extracted sample using a standard curve created from a serial dilution of a known quantity standard or from a virtual standard curve.  Quantitative PCR may additionally generate estimates for the amount of male DNA, degree of DNA degradation, and/or inhibition by the inclusion of additional targets in a quantitation kit. The quantitation results and additional data provide key information for decision-making on which typing technology to pursue and how to optimize the sample DNA input.	 
This real-time PCR DNA Quantitation Kit Validation Guidance Module should be used in conjunction with the SWGDAM Validation Guidelines for Forensic DNA Analysis Methods: Overview Document (https://www.swgdam.org/publications).  The studies herein are not synchronized to the FBI QAS; instead, they are presented in a suggested order to conserve resources such as time, reagents, samples, and consumables and to streamline required testing.  Both documents can be referred to for general background information regarding validation and the definition of specific terms.  Example validation studies are provided in Appendix A.

[bookmark: General_Considerations]General Considerations
The approach of validation studies will vary depending on whether a new quantitation kit is being introduced with a validated real-time PCR instrument, if new instrumentation is being introduced to a validated qPCR kit, or if both the instrumentation and qPCR kit are being validated simultaneously.  Regardless of the approach, the laboratory should verify that the instrument's operation is within the manufacturer's specifications to ensure optimal performance prior to beginning validation studies.  
The DNA quantitation method will be evaluated in combination with validated laboratory testing procedures or procedures intended for use in casework.  Reagent blanks and any other applicable controls will be included with all sample sets throughout the validation. 
If applicable, validation samples should be typed and compared to the results obtained using the laboratory’s previous quantitation method(s) to determine the potential effect on downstream processes.  A side-by-side comparison of new and current quantitation methods will inform decisions regarding adjustment of the target amplification amount and any other applicable thresholds.  Following implementation, if modifications are made to consumables or reagents used during the DNA quantitation method, comparison studies should be conducted to identify any potential effect on the results.  
Commercially available and in-house produced kits are generally designed to assess the quantity of genomic DNA, or a combination of autosomal DNA and male DNA, as well as estimate the degree of DNA degradation and/or the presence of inhibitors in the sample.  This quantitation module has been written to evaluate kits of that design. Samples used for this type of validation should include both male and female donors, as well as samples of varying quality and quantity to assess the ability of the qPCR kit to measure total autosomal DNA and male DNA. Additionally, degraded and/or inhibited samples should be included.
If a laboratory chooses to use a virtual standard curve (VSC), the procedure for establishing the curve (Appendix B) should be completed after the Sensitivity Study and then used for subsequent validation studies. The VSC parameters (i.e., average slope and Y-intercept) should be periodically evaluated to identify deviations. It may be necessary to re-establish the VSC parameters to ensure consistent performance (e.g., during the introduction of a new kit lot, after instrument maintenance, or after a set period of time determined by the laboratory).
Stability studies are necessary to support the long-term use of prepared sets of standards or virtual standard curve calibrators.
Quantitation reactions may be prepared manually or using liquid handling robots. A separate module provides guidance on validating liquid handling robots.
1 [bookmark: Precision]Precision and Accuracy

Study Purpose:  
The precision study will demonstrate the robustness of the method, chemistry, and instrument(s) by assessing the ability of a qPCR system to yield a consistent result when a single sample is repeatedly tested. The process should yield consistent quantities of DNA with minimal operator-to-operator, run-to-run, or within-run (e.g., across the plate) variability when replicate samples are tested.  
The accuracy study will demonstrate the degree of conformity of a measured quantity provided by a method/instrument to its actual (true) value. This study should yield DNA quantities that are consistent with previous quantitation results (if available) or with the expected DNA amounts of an appropriate certified reference material (e.g., NIST SRM / NIST traceable sample), and can be conducted simultaneously with the precision study.  
Runs within the precision and accuracy studies can be used to evaluate parameter expectations for the standard curve.  

Study Considerations 
Laboratories should evaluate the precision and accuracy of the method within a run and between runs.  If applicable, laboratories with multiple instruments should evaluate the precision and accuracy of each instrument and/or across laboratories.  Within-run precision will measure the amount of variation attributable to the testing method (e.g., PCR stochastic effects, instrument, and pipetting).  Between-run precision will measure the amount of variation attributable to different operators/ instruments, reagents and/or environmental operating conditions.  
Accuracy will be evaluated by comparing quantitation results from the aforementioned testing to expected results established either by previous testing or a NIST traceable sample(s).
The DNA extracts used to create a standard curve for qPCR are referred to as calibrants.  Examples of calibrants would be the DNA standard included in the commercial qPCR kit, a component of an appropriate certified reference material (e.g., NIST SRM 2372a – Human DNA Quantitation Standard), or an in-house DNA extract that has been made traceable to a certified reference material with a known concentration.  
1.2.4 	The samples to be measured for precision and accuracy should be laboratory-generated (i.e., prepared using the laboratory’s extraction method(s)), span the range of DNA concentrations expected to be encountered in casework, and exceed the upper and lower bounds of the standard curve. Purchased DNA extracts, including kit controls, are not recommended for use in these studies since these have not been subjected to a laboratory’s DNA extraction protocol. 

1.1. Study Outcome
A comparison of quantitation values, for a range of known concentrations of DNA analyzed in replicate, should be performed by calculating and evaluating the range, mean, and standard deviation (SD) or coefficient of variation (CV).  
The SD and/or CV for a range of known sample concentrations should be compared (if available) to the results of the manufacturer’s developmental validation.  Results indicating greater variation than reported in the developmental validation should be documented and investigated to determine the possible root cause before further evaluation. Note that higher variation for replicate reactions beyond the highest and lowest values of the standard curve may not invalidate the study.
[bookmark: _Hlk148019864]In a multi-laboratory system, a statistical test may be used to identify any statistically significant differences between data sets across sites.


2 [bookmark: Sensitivity_Study]Sensitivity Study

2.1 Study Purpose:  
2.1.1 Sensitivity studies are used to assess the ability of a qPCR system to obtain reliable results from a range of DNA quantities, and to establish the upper and lower limits of the assay, which define the linear bounds of the method.  This linearity allows for the formation of reasonable expectations for downstream processing.  Comparing the limit of detection (LOD) of the quantitation and STR systems can verify the utility of a negative quantitation result.

2.2 Study Considerations:  
2.2.1 The samples used for this study should span the range of DNA concentrations expected to be encountered in casework and be within the upper and lower bounds of the standard curve. High-quality single-source samples are recommended for this study. 
2.2.2 The samples to be measured for sensitivity should originate from male and female donors and be laboratory-generated (i.e., prepared by the laboratory’s extraction method(s)).  Buccal swabs, blood and/or other body fluids from known individuals should be utilized.  Purchased DNA extracts, including kit controls, are not recommended for use in these studies since these have not been subjected to a laboratory’s DNA extraction protocol.

2.3 Study Outcome  
2.3.1 Evaluate the results from replicate samples to determine consistency between the observed quantitation values and the expected values.  At a minimum, a linear relationship between the expected and observed quantities should exist within the range of the standard curve.  The point at which the data begins to demonstrate a non-linear relationship should be considered the upper bound of the method’s normal sensitivity range and data beyond this point should be interpreted with caution.  
2.3.2 If applicable, the DNA quantities and DNA profiling results from the method being validated should be compared with the laboratory’s previous quantitation method to determine if the two methods demonstrate comparable performance.  If the new method demonstrates results significantly different from the previous method or expected results, modifications to other downstream methods (e.g., STR amplification) may be required.   
2.3.3 If a laboratory intends to establish a quantitation “cutoff” for autosomal STR typing (no autosomal STR typing conducted post quantitation), or to establish a direct route to Y-STR typing post quantitation, both the autosomal and Y chromosome targets need to be evaluated in relation to the genotyping results and the total amount of DNA recovered (i.e., concentration multiplied by the volume of eluate). 
2.3.3.1 The evaluation must determine the quantity of autosomal and/or Y chromosome DNA sufficient to obtain interpretable profiles or haplotypes, below which no genotyping results, or results insufficient for interpretation, are expected. The limits of the typing test kit, platforms, data analysis software, and statistical tools utilized by the laboratory must all be considered in conjunction with the estimated quantity of DNA when deciding to cease analysis post-quantitation or to forgo autosomal STR typing and pursue Y-STR typing.

3 [bookmark: Male_Female_mixture_studies]Male:Female (M:F) mixture studies (if applicable)

3.1 Study Purpose  
3.1.1 This study is designed to ensure sufficient sensitivity and specificity of male DNA quantitation within samples that also contain female DNA. This is critical if the laboratory is implementing male DNA screening based either on the amount of Y-chromosomal DNA or the ratio of Y-chromosomal DNA to autosomal DNA.

3.2 Study Considerations:  
3.2.1 Y-chromosomal and autosomal DNA sensitivity may not be equivalent, as factors such as amplification efficiency, target copies per genome, fragment size, and instrument settings vary between targets within a quantitation kit and between kits.   
3.2.2 Multiple donor sets should be used to create the mixtures, which are extracted with the methods validated for use within the laboratory.  Comparing the expected ratios from the quantitation results to the actual ratios from the genotyping results may allow the lab to identify a suitable M:F quantitation cutoff ratio.  
3.2.3 A laboratory should use a series of male:female mixtures to assess the sensitivity and specificity of the Y-chromosomal target. For sensitivity, the amount of female DNA is kept constant, and the amount of male DNA is varied.  For specificity, the amount of male DNA is kept constant, and the amount of female DNA is varied.  The range of the ratios and concentrations of male:female DNA should be based on what is encountered in casework.

3.3 [bookmark: _Hlk129767625]Study Outcome  
3.3.1 An evaluation of the typing results of mixed male:female samples can be used to determine if the method is appropriate for the detection and quantitation of both male and female DNA, as well as establishing the male-to-female ratio limits supporting the discontinuation of autosomal STR typing based upon quantitation results.  The detection limit for a male sample in the presence of excess female DNA should be similar to that reported for the kit’s developmental validation.
3.3.2 The results of this study may be used to establish a Y-screening workflow with a maximum total male:female DNA ratio that would be expected to result in an interpretable autosomal STR profile. The study may also be used to establish criteria for a direct-to-Y STR typing workflow. 


4 [bookmark: Known_and_Non_probative]Known and Non-probative Evidence Samples or Mock Evidence Samples Study

4.1 Study Purpose:  
4.1.1 The purpose of this study is to evaluate the DNA quantitation method using known reference samples and casework-like samples representative of those typically analyzed by the laboratory, to include different sample types, collection methods, and substrates, as well as inhibited, degraded, or otherwise challenging samples. This data can inform expectations when processing casework samples and may help define a laboratory’s procedures for processing challenged samples (e.g., decreasing the template amount or further purifying the sample if it exhibits inhibition). When applicable, the relative performance of the quantification kit can be assessed against a previously validated quantification kit(s).  

4.2 Study Considerations:  
4.2.1 To determine the compatibility of extraction chemistries with the quantitation kit, laboratories should include samples extracted using all laboratory extraction method(s).  
4.2.1.1 Since control samples (e.g., 9947A, NIST SRM) are not subjected to laboratory extraction procedures, they should not be considered casework-like samples for the purposes of this study.  
4.2.2 Samples to be tested may include the following, as applicable: 
4.2.2.1 Samples from adjudicated cases  
4.2.2.2 Mock samples that represent those typically encountered by the laboratory for casework, including a variety of substrates, body fluids, and template quantities  
4.2.2.3 Single source samples  
4.2.2.4 Mixed DNA samples   
4.2.2.5 Degraded, adulterated, and/or inhibited samples (e.g., heat- or enzyme-degraded, exposed to moisture, super-glue fumed, hematin treated, mixed with soil, etc.)

4.3 Study Outcome:  
4.3.1 The quantitation results obtained from the method being validated will be compared to those obtained using the previously validated quantitation method(s) or other internal or developmental studies. 
4.3.2  It is expected that the quantitation results will be within the range of variability established by the precision and sensitivity studies. 
4.3.2.1 Results exceeding this range of variability should be documented and, where possible, a reason given for the difference. 
4.3.3 If the quantitation kit includes indicator(s) for degradation and/or inhibition, these should be evaluated to determine if they are functioning as expected and to define their effective limits.
4.3.3.1 For inhibition, the results of the study can be used to determine the following:	
4.3.3.1.1 The extent to which the laboratory’s STR amplification kit results are affected by inhibitors, as indicated by the quantitation kit (e.g., different reaction volumes, PCR master mixes, and varying mechanisms of inhibition can allow certain STR kits to overcome inhibitors).
4.3.3.1.2 The ranges of the inhibition indicator that correlate with no, minimal, moderate, or severe inhibition, along with other sample information, should be considered to determine if further action (e.g., re-extraction, sample dilution) may be recommended.

4.3.3.2 For degradation, the results of the study can be used to determine the following:
4.3.3.2.1 The degree of correlation between the degradation value produced by the quantitation method (e.g., degradation index) and the quality of the observed DNA profile.
4.3.3.2.2 The ranges of the degradation indicator that correlate with no, minimal, moderate, or severe degradation, and the ranges at which increasing the input DNA template quantity for STR amplification may be recommended.
4.3.4 The genotyping results will be evaluated based on the precision and sensitivity studies, as well as prior quantitation system(s) (if applicable), to determine if the signal (e.g., allele peak heights, allele sequencing reads) obtained is consistent with expectations based upon the quantitation results, estimated input template, level of degradation, and contributor proportions.  
4.3.5 The DNA profiles obtained from the samples included in this study should be evaluated to correlate the completeness and relative peak heights with the template amount and quality indicators of the sample, if applicable. 


5 [bookmark: Contamination_Study]Contamination Study

5.1 Study Purpose:  
5.1.1 The contamination study will inform the laboratory of the potential for unintentional introduction of exogenous DNA during the quantitation process.

5.2 Study Considerations  
5.2.1 Contamination may originate from consumables (e.g., tubes, reagents, pipette tips, etc.), laboratory personnel, cross contamination, laboratory instrument(s) or the laboratory environment.

5.3 Study Outcome
5.3.1 All samples, including all reagent blanks and other controls, should be evaluated for the presence of exogenous DNA using quantitation and genotyping results.  
5.3.1.1 If observed, the source of the contamination should be characterized, attribution attempted, quantitation amount considered, and the rate of occurrence estimated. 
5.3.2 The results of this study will identify the point(s) in the laboratory process where contamination event(s) can occur and should be used to establish laboratory policies concerning the following:  
5.3.2.1 Laboratory procedures to prevent and detect contamination, 
5.3.2.2 Procedural requirements concerning controls (e.g., placement and number), 
5.3.2.3 Corrective measures required when contamination is detected, 
5.3.2.4 Systemic problems that may require further improvements, 
5.3.2.5 Contamination tolerance interpretation guidelines, and 
5.3.2.6 Laboratory environmental requirements and control measures (e.g., PPE, design, workflow, cleaning, and instrument maintenance).


6 [bookmark: Sensitivity_Study2]Specificity Study
  
6.1 Study Purpose  
6.1.1 The purpose of a specificity study is to demonstrate that the method is selective for a particular target.  Quantitation kits used for routine forensic testing are specific for higher primates and designed to quantify both total human and male DNA (see Study 3 for male:female mixture specificity). 

6.2 Study Considerations  
6.2.1 Based on the typical evidence encountered in the laboratory, additional specificity testing beyond developmental validation may not be necessary if the laboratory is not concerned about microbial or other species’ DNA interfering with the quantitation estimation.  
6.2.2 If microbial or other species’ DNA evidence is routinely encountered in casework, it is advised that the method be challenged with samples of non-human origin only and/or human samples contaminated by non-human DNA to assess the potential to impact the quantitation of human DNA (both false positive and inhibitory effects). 

6.3 Study Outcome
6.3.1 Evaluate the results obtained from the non-human DNA samples to determine if these targets will potentially interfere with the quantitation of casework samples and define any limitations these non-human targets pose to the method (e.g., inaccurate quantitation results obtained from casework samples containing soil with micro-organisms). 
6.3.1.1 The results from non-human/non-primate samples should demonstrate no cross-reactivity.  Spurious results from a non-human species sample(s) are likely to originate from low-level human DNA contamination.  These samples should be remade and retested.
6.3.1.2 Primate DNA samples are expected to demonstrate cross-reactivity.  The level of reactivity should be evaluated to assess the potential impact on the DNA quantitation results.

[bookmark: Appendix_A]Appendix A
Example Validation Studies – Quantitation
The following study examples are informational and are not intended to dictate the types and numbers of samples every laboratory must use to satisfy each study. Validation studies cannot account for all scenarios that may arise during casework examinations; however, laboratories should attempt to cover the range of variation expected to be encountered with forensic samples. Each laboratory seeking to evaluate a new method must determine which validation studies are relevant to the methodology in its application and the experiments required to satisfy each study. Following implementation, laboratories should review results and, if necessary, conduct supplemental studies to improve workflow, thresholds, and/or interpretations.  
[bookmark: _Hlk128550830]For the example studies below, estimates of the final number of qPCR and STR amplifications are based on the number of samples listed within the study, but do not include the standard curves and non-template controls. 

Precision and Accuracy
· Samples: 1 (of known concentration)
· Dilution points: 11
· qPCR Amplification replicates: 3
· Operators: 2
· [bookmark: _Hlk222725482]Total number of qPCR amplification reactions: 66
· Total number of STR amplification reactions: 22
The standard curve was prepared over the range of 50 ng/µL to 0.005 ng/µL. A dilution series was prepared from a sample with a known DNA concentration, extracted using one of the laboratory’s extraction methods.  This dilution series included samples with DNA concentrations within and outside the standard curve, both above and below the manufacturer's recommendations. All samples in the dilution series were amplified and analyzed in triplicate by a different operator.
To assess the precision of the quantitation procedure, the mean and standard deviation of the quantitation results obtained from each sample in the dilution series were calculated for each operator (repeatability) and across operators (reproducibility).
To assess the accuracy of the quantitation procedure, the mean quantitation result for each sample in the dilution series was calculated and compared with the expected concentration.  
Next, these samples were amplified and analyzed in duplicate by capillary electrophoresis (CE). The completeness of the resulting DNA profiles was compared to the expectations based on the quantitation results of the method under validation and the results obtained from the previous laboratory workflow. Additionally, the average RFU versus DNA concentration was plotted to determine the peak heights associated with each DNA concentration.  The results were used to determine if the peak heights from the DNA concentrations correspond to the expected peak heights based on previous laboratory methods and this data may demonstrate when the method deviates from linearity beyond the lower or upper limits.
	Dilution of DNA of a known concentration

	150 ng/µL

	75 ng/µL

	50 ng/µL

	10 ng/µL

	1 ng/µL

	0.1 ng/µL

	0.05 ng/µL

	0.01 ng/µL

	0.005 ng/µL

	0.001 ng/µL

	0.0001 ng/µL













Sensitivity Study
· Samples: 2 (different than those used in the Precision and Accuracy Study; one male, one female)
· Dilution points: 7
· qPCR amplification replicates: 2
· Operators: 1
· Total number of qPCR amplification reactions: 28
· Total number of STR amplification reactions: 28
The standard curve was prepared over the range of 50 ng/µL to 0.005 ng/µL. A dilution series was set up using two samples with known DNA concentrations extracted with one of the laboratory’s extraction methods.  This dilution series contained samples with DNA concentrations within the standard curve range, as recommended by the manufacturer.
All samples in the dilution series were amplified and analyzed in duplicate by a single operator.
To assess the precision of the quantitation procedure, the mean and standard deviation of the quantitation results for each sample in the dilution series were calculated for a single operator (repeatability).
To assess the accuracy of the quantitation procedure, the mean quantitation result for each sample in the dilution series was calculated and compared with the expected concentration.  
Next, these samples were amplified and analyzed in duplicate by capillary electrophoresis (CE). The completeness of the resulting DNA profiles was compared to the expectations based on the quantitation results and the previous laboratory workflow. Additionally, the average RFU versus DNA concentration was plotted to determine the peak heights associated with each DNA concentration.  The results were used to determine if the peak heights from the DNA concentrations correspond to the expected peak heights based on previous laboratory methods.
	Dilution of DNA of a known concentration

	50 ng/µL

	10 ng/µL

	1 ng/µL

	0.1 ng/µL

	0.05 ng/µL

	0.01 ng/µL

	0.005 ng/µL









Mixture Studies – Sensitivity of the Male Assay in the Presence of Female DNA 
· Samples: A DNA mixture containing a high amount of female DNA and varying amounts of male DNA
· Dilution points: 7
· qPCR Amplification replicates: 2
· Operators: 1
· Total number of qPCR amplification reactions: 14
· Total number of STR amplification reactions: 7
Two donors (male and female) were extracted and quantitated using the methods employed by the laboratory to create the mixtures for this study.
A series of sample mixtures was prepared with decreasing amounts of male DNA relative to a fixed amount of female DNA, as described below. All samples were quantitated in duplicate, and each sample was amplified and analyzed.
	Ratio (Male:Female)
	Concentration of Male DNA (ng/µL)
	Concentration of Female DNA (ng/µL)

	2:1
	10
	5

	1:1
	5
	5

	1:5
	1
	5

	1:20
	0.25
	5

	1:50
	0.1
	5

	1:250
	0.02
	5

	1:1,000
	0.005
	5



To assess the ability of the quantitation kit to detect varying amounts of male DNA in the presence of female DNA, the means of the autosomal DNA concentrations, male DNA concentrations, and Male:Female values obtained from each sample in the mixture series were calculated and compared to the expectations. 
Next, the completeness of the resulting DNA profiles was compared to the expectations based on the quantitation results, Male:Female values, and previous methods.




Mixture Studies – Specificity of the Male Assay in the Presence of Female DNA 
· Samples: A DNA mixture containing a low amount of male DNA and varying amounts of female DNA (different than the donors used in the Mixture Studies – Sensitivity of the Male Assay in the Presence of Female DNA)
· Dilution points: 8
· qPCR Amplification replicates: 2
· Operators: 1
· Total number of qPCR amplification reactions: 16
· Total number of STR amplification reactions: 8
Two donors (male and female) were extracted and quantitated using the methods employed by the laboratory to create the mixtures for this study. 
A series of sample mixtures was prepared with increasing amounts of female DNA relative to a fixed amount of male DNA, as described below. All samples were quantitated in duplicate, and each sample was then amplified and analyzed.
	Ratio (Male:Female)
	Concentration of Male DNA (ng/µL)
	Concentration of Female DNA (ng/µL)

	1:0
	0.05
	0

	1:1
	0.05
	0.05

	1:5
	0.05
	0.25

	1:10
	0.05
	0.5

	1:25
	0.05
	1.25

	1:100
	0.05
	5

	1:500
	0.05
	25

	1:1,000
	0.05
	50



To assess the ability of the quantitation kit to detect male DNA in the presence of increasing amounts of female DNA, the means of the autosomal DNA concentrations, male DNA concentrations, and Male:Female values obtained from each sample in the mixture series were calculated and compared to the expectations. 
Next, the completeness of the resulting DNA profiles was compared to the expectations based on the quantitation results, Male:Female values, and previous methods.
The results obtained from the Mixture studies may be used to support a Y-screening workflow and/or to define a threshold (e.g., autosomal DNA concentration, male DNA concentration, and/or Male:Female value) for attempting autosomal STR typing and/or Y-STR typing.

Known and Non-Probative Samples
This laboratory uses two extraction chemistries.
· Samples: 24 (12 per extraction method with varying characteristics, mixed samples, single source, male:female mixtures, degraded, inhibited, etc.)
· qPCR amplification replicates: 1
· Operators: 1
· Total number of qPCR amplification reactions: 24 (12 per extraction method)
· Total number of STR amplification reactions: 24 (12 per extraction method)
Known and non-probative studies may assist a laboratory in challenging a quantitation chemistry with samples that more closely mirror those encountered in casework scenarios, such as mixtures, degradation, inhibition, and/or specificity. Some of these studies may be optional for a laboratory that does not intend to use quality indicators, or their extent may be limited based on the casework the laboratory is reasonably expected to encounter.
Samples previously extracted using both methods employed by the laboratory, and previously quantitated using the prior qPCR method, were quantitated again using the qPCR chemistry undergoing validation. The 12 samples per extraction method were selected to represent expected casework samples and included a range of typically observed template amounts, a varied number of contributors (single-source to four-person mixtures), and degraded and/or inhibited samples, where available. All samples were amplified and analyzed. 

	Sample
	Extraction Method
	Expected Template (ng/µL)
	Preparation
	Composition
	Quality

	1
	1
	7.143
	Adjudicated
	Mixture
	

	2
	1
	0.518
	Adjudicated
	Single
	Degraded

	3
	1
	0.103
	Adjudicated
	Mixture
	Inhibited

	4
	1
	0.062
	Adjudicated
	Single
	

	5
	1
	0.024
	Adjudicated
	Mixture
	

	6
	1
	0.008
	Adjudicated
	Single
	

	7
	1
	1.5
	Designed
	Single
	

	8
	1
	0.5
	Designed
	Mixture
	

	9
	1
	0.167
	Designed
	Mixture
	

	10
	1
	0.056
	Designed
	Single
	

	11
	1
	0.019
	Designed
	Mixture
	

	12
	1
	0.006
	Designed
	Single
	

	13
	1
	
	Designed
	Reagent Bank
	

	14
	1
	
	Designed
	Reagent Bank
	

	15
	1
	
	Designed
	Reagent Bank
	



	Sample
	Extraction Method
	Expected Template (ng/µL)
	Preparation
	Composition
	Quality

	1
	2
	5.135
	Adjudicated
	Mixture
	

	2
	2
	0.988
	Adjudicated
	Mixture
	

	3
	2
	0.317
	Adjudicated
	Single
	

	4
	2
	0.068
	Adjudicated
	Mixture
	Degraded

	5
	2
	0.034
	Adjudicated
	Single
	

	6
	2
	0.009
	Adjudicated
	Mixture
	

	7
	2
	3.002
	Designed
	Mixture
	

	8
	2
	1.201
	Designed
	Single
	

	9
	2
	0.431
	Designed
	Mixture
	

	10
	2
	0.097
	Designed
	Single
	

	11
	2
	0.023
	Designed
	Mixture
	

	12
	2
	0.008
	Designed
	Mixture
	

	13
	2
	
	Designed
	Reagent Bank
	

	14
	2
	
	Designed
	Reagent Bank
	

	15
	2
	
	Designed
	Reagent Bank
	



The quantitation results were compared with those from the previous methods for agreement.  Outliers were assessed, and the compatibility of the new qPCR method with the laboratory's sample types and extraction methods was evaluated. 
The Known and Non-Probative study above is intended for a laboratory to assess samples that may be inhibited, degraded, or otherwise challenging. The focused examples studies below (called “Known controlled”) are intended to be optional if a laboratory wants to further examine degradation, inhibition, and specificity. Aspects are often well-covered in the developmental validation of a qPCR kit, but a laboratory’s typical casework submissions may warrant these additional studies.
Known controlled (UV degradation)
· Samples: 1
· UV exposure points: 7
· qPCR amplification replicates: 2
· Operators: 1
· Total number of qPCR amplification reactions: 14
· Total number of STR amplification reactions: 14
[bookmark: _Hlk176859763]To assess the performance of the quantitation system with degraded DNA, a casework-like sample was prepared and subjected to the laboratory's extraction method, exposed to increasing UV times, and quantitated in duplicate.
Note that other methods of degradation, such as heat, enzymatic, sonication, etc., may be examined in a degradation study. 
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Quantitation values for each target and degradation index values from each time point were calculated (mean and SD) and compared with the expected results.  
The samples were amplified and analyzed to assess the extent of degradation in the STR profile and to correlate a DI (or a range of DIs) with the profile's quality. This information was used to inform STR amplification target template amounts.
Known controlled (Inhibitors)
· Samples: 1
· Inhibitor concentration points: 5
· qPCR amplification replicates: 2
· Operators: 1
· Inhibitors tested: 1
· Total number of qPCR amplification reactions: 10
· Total number of STR amplification reactions: 10

To assess the performance of the quantitation system in the presence of PCR inhibitors, a casework-like sample was prepared using the laboratory's extraction method, exposed to PCR inhibitors, and quantitated in duplicate. 
Note that a laboratory may decide to challenge the system with pure chemicals (Humic acid, Hematin, Indigo Dyes, Ca++, etc.), a complex matrix (soil), or a substance not covered (or not sufficiently covered) in the developmental validation. 

	Inhibitor dilution series*
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	1:10

	1:2
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*Exact ratios may vary based on the PCR inhibitor.
Quantitation values for each target and IPC (if present in the kit) at each dilution point were calculated (mean and SD) and compared with the expected results.  A shift (to a higher CT value) as the amount of inhibitor increases should be observed. The morphology of the qPCR curve can be examined and noted for changes when the PCR is inhibited. 
The samples were amplified and analyzed to assess the extent of inhibition (or the quality of) in the STR profile and to determine whether the profile's quality correlates with an IPC (or a range of IPCs).
The extent of a shift in the IPC value may be used to determine whether dilution or re-extraction of a sample may be beneficial prior to STR typing. Shifts in the IPC may be used to inform the degree of dilution, thereby limiting the inhibitor's impact on the PCR and avoiding over-dilution of the DNA. 
Contamination
No additional studies were necessary to assess the potential for contamination. Negative controls were evaluated for consistency with expectations. Data generated from samples processed through amplification and analysis were assessed for any potential contamination.  

Specificity Studies
· Samples: 1
· Non-human DNAs tested: 2
· Non-human DNA amounts: 3
· qPCR amplification replicates: 2
· Operators: 1
· Total number of qPCR amplification reactions: 12
· Total number of STR amplification reactions: 12
To assess the performance of the quantitation system in the presence of non-human or non-primate genomic DNA, a casework-like sample was prepared using the laboratory's extraction method and quantitated in duplicate in the presence of non-human or non-primate genomic DNA. 
Note: a laboratory may decide to challenge the system with pure extracts of non-human or non-primate genomic DNA (if not sufficiently examined in the development validation). Or, in some cases, a complex matrix (soil, yeast, mold, etc.) may be used if the exact source(s) of artifactual peaks observed in casework STR profiles is unknown.
The samples were amplified and analyzed in duplicate to assess the profile quality and the presence of non-specific artifacts. The migration, morphology, and intensity of an artifact can be recorded and added to the laboratory's interpretation protocols.
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[bookmark: Appendix_B]Appendix B 
Designing a Virtual Standard Curve
· Amplify and analyze replicates of a conventional standard curve. Use different instruments, kit lots, and personnel to ensure that a range of variability is accounted for.

· Calculate the average slope and Y-intercept for each quantification target to serve as the virtual standard curve metrics.

· Establish the appropriate number and dilution/concentration of calibrators based on the established Limit of Detection (LOD); refer to the sensitivity study. Including at least one ‘high’ and one ‘low’ concentration calibrator is recommended.

· Amplify and analyze replicates of the chosen calibrators to ensure that the expected quantification values are attained and to establish the individual calibrator passing criteria (e.g., CT value range).

· Using the established virtual standard curve, the calibrators would be quantitated in parallel with samples for each run.
Appendix C 
[bookmark: Appendix_C]qPCR parameter definitions and metrics

The Cycle Threshold (CT)
The CT is the threshold at which the reaction reaches a detectable level of fluorescence. The CT threshold should be set so that it is above the background signal, but below the linear and plateau (final) phases of the amplification curve.  The CT should reside within the exponential phase of the amplification curves of all standard curve reactions.
The CT values for the concentration points in the standard curve can be compared across replicates, runs, and/or across kit lots to assess consistency. An evaluation of the CT values will help establish the criteria for removing outliers in the standard curve and allowing interpretation, in accordance with laboratory policies.
Internal PCR Control (IPC) 
The IPC is a non-human DNA template commonly included in the master mix of commercial qPCR kits, which amplifies using the same set of primers/probes.
The cycle threshold value (CT) of the internal PCR control (IPC) can be monitored as a diagnostic to determine if inhibitors are present in the PCR or if the PCR failed (i.e., the observed CT value will increase due to the presence of PCR inhibitors or degradation of the PCR reagents).  Note that larger amounts of DNA template in a qPCR may cause the IPC to increase (shift higher) due to depletion of the pool of PCR reagents (and the sample may not actually contain common PCR inhibitors).
Coefficient of determination (R2)
The R2 value is an indicator of how well the data fit the regression model (in this case, linear) and may be affected by variations in the preparation of the standard curve, such as pipetting and reagent handling, as well as a reduction in reaction efficiency at the extreme ends of template amounts.
Values at or above 0.99 are typically considered a “good fit” in manufacturer product manuals, suggesting that the standard curve data (CT values) are behaving in a linear manner as a function of DNA concentration and that it is appropriate to interpolate values for the unknowns.  Values less than 0.99 may indicate that troubleshooting of the reaction setup is needed.
Slope of Standard Curve
The slope of the standard curve is related to the efficiency of the PCR.  100% PCR efficiency results in a doubling of template copies and a slope value of -3.3, but ranges of -3.0 to -3.7 are generally considered acceptable in manufacturer product manuals.  
The y-intercept
Depending on the units used to define the standard curve, the y-intercept indicates the expected CT value for a sample with a quantity of 1. It is typical for a forensic qPCR kit to use units of ng/µL.  Outside of forensic DNA applications, it is not unusual for qPCR kit units to be defined as multiples of the Limit of Detection (LOD) of the kit so that the y-intercept indicates the expected CT value for the LOD.  However, it is not necessary to change to LOD units for the standard curve, since an expected CT value for any point of interest, such as a laboratory’s stop-at-quantitation threshold, can be easily calculated from the slope and y-intercept.

Manufacturers typically do not specify a passing y-intercept value due to differences between instruments, quantitation standards, and reagent lifespan; however, they do recommend monitoring the y-intercept (or a CT value for a chosen point of interest) to ensure consistency over time.
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