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WSCL Internal Validation Summary for STRmix™ Probabilistic Genotyping Software 

Part 1 – Single Source to Three Person Mixtures 

Introduction 

Mixtures are DNA profiles consisting of DNA contributed by more than one individual. As part of the DNA analysis process, 

mixture profiles must be analyzed and compared to known reference standards (if available). Per the FBI Quality Assurance 

Standards (QAS), any inclusions must be given a statistical weight. As DNA technology has become more sensitive and 

added additional loci, mixture profiles have been observed with greater frequency and increasing complexity. The 

Wisconsin State Crime Laboratory’s (WSCL) mixture interpretation guidelines have evolved over the years; however, they 

still rely on rules that require an analyst to address conditions such as possible drop-out or stutter in a binary manner 

when a sliding scale would be a more appropriate way to evaluate these conditions. A continuous method of evaluating 

mixtures allows analysts to move beyond simple yes/no decisions. Advantages of a continuous method include: making 

use of peak height information, the ability to model PCR artifacts such as stutter, the ability to resolve mixtures in the 

absence of a reference profile and assign a likelihood ratio statistic if a reference standard is available. 

STRmix™ software v2.6 underwent internal validation by the Wisconsin State Crime Laboratory (WSCL) DNA Analysis Unit 

for use as a probabilistic genotyping method of data interpretation and statistical analysis. This portion of the validation 

was broken into two segments. First, single source data was generated to optimize the software variables based on the 

instruments and amplification kits utilized by the WSCL. Once the software was optimized, additional single source and 

mixture profiles were created to validate the software. This validation was conducted in accordance with the QAS for 

Forensic DNA Testing Laboratories as well as the Scientific Working Group on DNA Analysis Methods (SWGDAM) 

Guidelines for Validation of Probabilistic Genotyping Systems. The structure of this validation plan also follows the 

Implementation and Validation Guide published by The Institute of Environmental Science and Research (ESR) for the 

STRmix™ software. Please note that additional validation work will be required to utilize the STRmix™ software for any 

interpretations of mixtures of four or more individuals. 

STRmixTM calculated likelihood ratios reported throughout this summary are stratified values (using Caucasian, African 

American, SE Hispanic, and SW Hispanic databases) for unrelated individuals using a 99% 1-sided lower HPD (highest 

posterior density) interval, unless otherwise noted.  

Sample Preparation 

All samples were processed using current WSCL DNA Analysis Unit methods and run on the Applied Biosystems 3500xl 

Genetic Analyzer following validated laboratory protocols. Samples were analyzed with Applied Biosystems Genemapper 

ID-X (GMID-X) v1.4 software. Manufactured mixtures were created using extracted and quantified single-source samples. 

Additional samples were evaluated using previously generated data run under the same laboratory protocols. Finally, 

artificial single source profiles were generated as numerical data only for purposes of evaluating profiles against known 

non-contributors within the software. 

Section 1: Optimizations of Software Variables 

Please refer to the document titled Estimation of STRmix™ Parameters for Wisconsin State Crime Laboratory PowerPlex® 

Fusion 6C. This document was prepared by ESR and utilized the STRmix™ software’s Model Maker feature to analyze data 

provided by the WSCL. 

This optimization determined various parameters which were incorporated within the software settings for analysis of all 

further samples. Other interpretation parameters were set based on previous laboratory interpretations for amplification 

kits and/or detection platforms. 
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Section 2: Verification of Simple Likelihood Ratio (LR) Calculations 

Ten sets of dilution series of different single source profiles targeting 200, 100, 50, 25, and 10 pg amplification input were 

prepared and the profiles were run through the STRmix™ software. Calculated LRs for the profiles within STRmix™ were 

compared to LRs calculated outside STRmix™. The WSCL’s RMP calculator was used to calculate LRs outside of STRmix™ 

by taking one over the RMP calculator output. 

LRs calculated by STRmix™ were plotted against the manual calculations using a log scale. As shown by Figure 2.1, the 

STRmix™ calculations were consistent with the manual calculations (R2 value of 0.99). Additionally, Log LR was plotted 

against input in Figure 2.2. The graph shows the variability of LRs observed with a trend toward tighter clustering of the 

data points and increased average LR values as input DNA amount increases. This result is consistent with more variability 

in profile completeness with lower amplification input. Both assessments indicate STRmixTM is appropriately applying LR 

calculations. 

Figure 2.1. STRmix™ likelihood ratios compared to manually calculated likelihood ratios, plotted as log10(LR). 
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Figure 2.2. STRmix™ likelihood ratios plotted relative to amplification input. 

 

 
Section 3: Allelic Peak Height and Off-scale Data 

Extracted DNA from one individual was amplified at 4.5, 5.0, and 5.5ng total input to attempt to obtain results near or 

above the saturation limit determined during model maker analysis. Extracted DNA from three additional individuals was 

amplified once each at either 4.5, 5.0, or 5.5ng targets. The six resultant profiles underwent GMID-X analysis to remove 

artifacts and were analyzed in STRmix™. STRmix™ calculated likelihood ratios were compared to LRs previously calculated 

from single source profiles amplified at target input (1.5ng).  

LRs resulting from the profiles above the saturation limit were within one order of magnitude of the target range 

amplification profiles, either above or below. This variation is reasonable for full single source profiles given the sampling 

method used by STRmix™ for LR calculation (Table 3.1). 

Despite the apparent lack of effect on LRs from over-amplified samples, it should be noted that the majority of the samples 

had one or multiple flags in secondary diagnostics. One sample had a substantial negative log(LR), and all samples had 

stutter variance at or beyond the high end of the prior distribution curves. Examples of this stutter variance are shown in 

Figure 3.1 and Table 3.1. 

Additionally, the excessive peak heights in the samples resulted in non-modeled stutter variants (for example, n+2bp) and 

pull up combined with stutter which initially caused failed STRmix™ runs and had to be edited from the analysis files. 
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Figure 3.1. Example stutter variance chart with variance beyond prior distribution curve. 

 

Table 3.1. LR and back stutter variance results from ideal target and boost amplification of sample F  

Sample Amp. Input (ng) STRmixTM LR Back Stutter Variance 

F 

1.5 9.74E+28 3.61 

4.5 1.13E+29 30.6 

5.0 1.19E+29 38.9 

5.5 1.12E+29 31.7 

 

This portion of the study indicates that, while over-amplified samples may not have a substantial effect on calculated LRs 
for a contributor at or near the saturation limit, the profiles do result in non-intuitive stutter ratios and artifacts which can 
complicate analysis prior to STRmix™ interpretation. If peaks are present near or above the saturation limit in mixtures, 
this is likely to coincide with artifacts which could be confused with alleles of low-level contributors and may therefore 
minimize the statistical value of inclusions for minor contributors. 

 

 



Page 5 of 38 
 

Section 4: Software Determined Weight and Deconvoluted Mixtures 

Two sets of two-person mixture series were evaluated using the STRmix™ software. The sets consisted of 1:1, 2:1, 3:1, 

5:1, 10:1, 20:1, and 40:1 dilutions in which the major contributor was held constant and the total input amount was the 

standard laboratory input of 1.5ng. The percent contributions and likelihood ratios determined by the software were 

evaluated.  

Percent contributions determined by the software showed little variation in relation to the expected contributions. 

Differences generally fell within 5% (highest observed difference of 11% for sample K1-1) with an average of 0.74% 

difference between software-determined and expected values for the major contributor (Fig 4.1). 

Fig 4.1. Bar graph of the expected and software-determined percent contributions for the major contributor in the two-person mixture series.  

 

The likelihood ratios trended as expected. Likelihood ratios were lower for both contributors at the 1:1 and 2:1 mixture 

ratios in which contributors are present at equal or near-equal proportions resulting in multiple genotype contributions 

with a higher weight. With weights spread across multiple potential genotype combinations, likelihood ratios decreased.  

Likelihood ratios increased for both contributors at the 3:1 mixture ratios in which genotype combinations for each 

contributor were more clearly resolved. Likelihood ratios peaked and held steady for the major contributor at the 5:1 

mixture ratio through the remainder of the series, demonstrating that at this ratio and beyond, the software was able to 

assign very high weights to the genotypes of the major contributor.  

Conversely, likelihood ratios were slightly decreased for the minor contributor at the 5:1 and 10:1 mixture ratios with a 

steep decline at the 20:1 and 40:1 mixture ratios. This demonstrates that the software is correctly evaluating ambiguity in 

the minor contributor genotypes. As percent contribution of the minor contributor decreased, weights were again being 

spread across multiple potential genotype combinations and the potential for drop-out resulted in even lower likelihood 

ratios.  

These trends are illustrated by Figure 4.2. 
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Figure 4.2. Plot of the expected and software-determined percent contributions for a two-person mixture series and STRmix™ calculated likelihood 

ratios for each contributor.  

 

Section 5: Mixed Specimens and Hypothesis Testing 

Two sets of two-person mixtures targeting 1.5ng at amplification were created at the following ratios: 1:1, 2:1, 3:1, 5:1, 

10:1, 20:1, and 40:1. One series of the two-person mixtures had varied contributors, while the second mixture ratio 

series held both contributors constant. Similarly, two sets of three-person mixtures targeting 1.5ng at amplification were 

created at the following ratios: 2:2:1, 3:2:1, 4:2:1, 7:7:2, 10:5:1, 12:2:2, and 12:3:1. One three-person varied contributor 

series and one three-person fixed contributor series were created, as was done with the two-person mixtures. These 

mixtures were analyzed to determine how each contributor’s inclusion in a profile and STRmixTM assigned percent 

contribution would be affected at ideal quality and amplification target. Within these mixture series, this validation 

assessed contributors down to 2.4% or 6.2% relative contributor to the overall mixture for 2-person and 3-person 

mixtures, respectively. 

The STRmix™ reported contribution of each contributor to the mixtures for both two-person and three-person mixtures 

behaved as expected (Figures 4.2 and 5.1). Variation between expected and actual percent contribution in the mixture 

can be explained by amplification efficiencies and inherent variation in the statistical modeling employed by STRmix™. 
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Figure 5.1. Example of expected and STRmix™ assigned percent contribution of contributors 1, 2, and 3 for three-person mixtures targeting optimal 

amplification input of 1.5ng 

 

A subset of mixture ratios of both two- and three-person mixtures were then created to assess the effect of per-

contributor amplification input on interpretation. Two-person mixtures at contributor ratios of 2:1, 3:1, 5:1, 10:1, 20:1, 

and 40:1, using the same two DNA donors, were created in sets each targeting minor contributor amplification targets of 

6.5pg, 12.5pg, 25pg, 50pg, and 100pg. A series of three-person mixture sets targeting 6.5pg, 12.5pg, 25pg, 50pg, and 

100pg for the minor contributor were created at ratios of 2:2:1, 3:2:1, 4:2:1, 7:7:2, and 12:2:2, with the same three DNA 

donors as contributors 1, 2, or 3, respectively. 

Due to the low total input of DNA in the two-person 2:1 mixture series, limited data was generated. The 2:1 mixture 

targeting 6.5pg for the minor resulted in no alleles being detected. The 2:1 mixtures targeting minor input of 12.5pg 

resulted in only four types called and the 25pg, and 50pg resulted in partial profiles. This lack of data impacted the 

ability of STRmix™ to assign appropriate contributor percentages to both the major and minor contributors in these 2:1 

ratio two-person mixtures (Figure 5.2). For the 2:1 ratio mixtures, as the total amount of target DNA and the 

completeness of the profiles obtained increased, the ability of STRmix™ to assign percent contribution to the mixture 

moved closer to the expected.  
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Figure 5.2. Two-person mixtures at 2:1 ratio with varied amplification inputs correlated to minor contributor target input. Resulting LRs for both 

contributors in the 2:1 mixtures reported (solid lines) with comparison LRs reported for each contributor when amplified individually at a 1.5ng 

target amplification (dotted lines). 

 

Each two-person mixture consistently reported a large LR for the major contributor. As the total mixture amplification 

input increased, the minor contributor’s percent contribution shifted from being slightly over-estimated by STRmix™ to 

being closer to expected based on the mixture ratios (see Figure 5.3).  

Figure 5.3. Two-person mixture at 40:1 with the minor contributor targeting varied, low-level inputs. Increased total mixture amplification input 

resulted in percent contribution of the minor contributor trending towards expected. 
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The three-person mixtures with varied smallest contributor displayed expected results, similar to those described for the 

two-person mixtures above. Figures 5.4 and 5.5 below show these STRmix™ LR and percent contribution results. 

Figure 5.4. Three-person mixtures at 2:2:1 ratio with varied minor contributor/total amplification inputs. Resulting LRs for each contributor in the 

mixtures reported (solid lines) with comparison LRs reported for each contributor when amplified individually at a 1.5ng target amplification 

(dotted lines).

 

Figure 5.5. Three-person mixtures at 12:2:2 ratio with varied minor contributor/total amplification inputs. Resulting LRs for each contributor in the 

mixtures reported (solid lines). Farthest right data set represents an idealized interpretation of the sample based on target percent contribution 

and full target amp single source LRs for each contributor. 
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The lowest contributor target series for two- and three-person mixtures were evaluated as series relative to both the 

minor contributor amplification input and the percent contribution of the minor. Based on these separate analyses, it 

was determined that the strength of STRmix™ determined LR is more strongly correlated with absolute input of the 

smallest contributor, as opposed to the percent contribution of that individual. For both two- and three-person 

mixtures, the correlation coefficient between LR and amp input, when held constant relative to percent contribution, 

was ~0.80-0.81, with the exception of the three-person mixture 4:2:1 series, which did display a noticeable low 

amplification for the 100pg input sample, indicating the actual input was lower than expected. While these values are 

not indicative of a purely linear relationship between contributor amplification input and LR, they do demonstrate a 

stronger correlation than that between percent contributor and LR, for which correlation coefficient values ranged 

between ~0.01-0.27 (data not shown). 

In general, the ability of STRmix™ to interpret mixtures and provide statistical values for inclusion/exclusion of a 

contributor is not limited by either the percent contribution or absolute input of contributors in the mixture. STRmix™ is 

able to appropriately model the uncertainty associated with the presence of minimal data for a contributor, regardless 

of the underlying cause of the partial profile, and this uncertainty is reflected by LRs trending toward one when 

associated with comparisons between known profiles and less completely resolved contributors within a mixture. 

Figure 5.6. Two-person mixture series showing the consistent trend of increasing LR relative to amp input target regardless of percent contribution. 

Data is related to the same individual, representing the minor contributor, for all mixtures.  
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Figure 5.7. Three-person mixture series showing the consistent trend of increasing LR relative to amp input target regardless of percent 

contribution. Data is related to the same individual, representing the minor contributor, for all mixtures. Note that the 100pg amplification with the 

minor contributor at 14.3% showed unexpectedly low RFUs across the profile, indicating actual amp input was most likely substantially less than 

targeted. 
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Figure 5.7. Two-person 1:1 mixture sets displaying STRmix™ determined percent contribution and LR patterns. Note: graph treats a pre-

determined contributor consistently as “contributor 1” regardless of STRmixTM assigned contributor position.  

 

Figure 5.8. Three-person 1:1:1 mixture sets displaying STRmix™ determined percent contribution and LR patterns.  
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contributors for a mixture interpretation, and determining the impact of non-contributor relatives as persons of interest 

in hypotheses. The details and results of these variations are explained in the following sub-sections. 

5.a: Altering hypotheses relative to number of “known” vs. “unknown” contributors 

Two profiles of varying ratios (4:2:1 and 1:1:1) amplified at 1.5ng input were interpreted in STRmix™ with altered 

hypotheses conditioning on the presence of either one or two of the known contributors (Table 5.a.1). LRs generated from 

the conditioned data were compared to LRs generated from the same profile when interpreted unconditioned.  

Table 5.a.1. table of hypotheses where K is a known contributor and U is an unknown contributor 

H1 H2 

K + 2U 

3U 2K + U 

3K 

2K + U 
1K + 2U 

3K 

3K 2K + U 

 

All comparisons of the data indicated that assuming one or two contributors led to an increased LR for persons of interest 

compared to the LR that resulted from an unconditioned interpretation. Figure 5.a.1 shows the log(LR) value of the 

conditioned interpretation plotted against the log(LR) of the unconditioned interpretation. All values are above the line at 

x=y, demonstrating that the LR increased when conditioned. Not plotted is the LR associated with the 3 knowns vs 3 

unknowns hypothesis. In the profiles assessed, this LR was 14 (1:1:1) and 19 (4:2:1) orders of magnitude higher than the 

next highest LR calculated for the same profile.  

Figure 5.a.1. conditioned log(LR) plotted against unconditioned log(LR) for N4:2:1 and N1:1:1 samples.  
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5.b: Inclusion of real non-contributors as POI in H1 

A random profile generator tool provided by ESR was used to create a database of 500 manufactured profiles based on 

allele frequencies in the FBI’s Caucasian population database. These profiles were used as known non-contributors for 

comparison to selected profiles to evaluate the possibility of false inclusions of non-contributors to profiles. 

A set of 1:1:1 mixtures at varying amp input were searched against the non-contributor database with calculated LRs 

returned for all 500 individuals. Of the 2,500 comparisons done across all input values, only five calculations supported H1 

true (support for the known non-contributor being a real contributor). All five were for comparisons to the profile from 

0.1ng amp input and the highest LR was 342 (3.42E+2). All non-contributor comparisons for profiles from 0.2ng amp input 

and above supported H2 (LR<1) with the closest value to neutral at LR=0.987. All comparisons to profiles from amp input 

of 0.375ng and above resulted in complete exclusions by STRmix™ (LR=0). 

Figure 5.b.1 shows the LR values of non-contributors plotted along with the LR values for true contributors in the same 

mixture series. As shown in this graph, at the low input end, there is some overlap in calculated LRs for both H1 true and 

H2 true scenarios as a result of the limited data present in the samples. 

Figure 5.b.1. log(LR) plotted against amp input for 1:1:1 mixtures. Plot includes values for known contributors (H1 true) and known non-contributors 

(H2 true). Note: STRmix™ determined exclusions (LR = 0) are plotted as log(LR)=-40 to allow display on the logarithmic scale chart. 

 

Three additional profiles of varying ratios (2:2:1, 3:2:1, 12:2:2) amplified at a target input of 1.5ng and interpreted as 

three-person mixtures were also used for comparison to known non-contributors. All non-contributors resulted in full 

exclusions, LR=0 (data not shown). 

These results indicate that the risk of false inclusions with well amplified two- and three-person mixtures is low. With low 

input DNA, there is some risk of obtaining LRs that support inclusion, although at very low values. Due to the overlap of 

LR values for known H1 true and H2 true scenarios, LR results in the low inclusionary range should be interpreted with 

caution and the ambiguity of these values must be adequately conveyed in reporting. Additional evaluation should be 
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conducted for mixtures with more contributors, as the possibility of false inclusions will likely increase with increased 

mixture complexity. 

5.c: Interpretation of profiles as n+1 and n-1 contributors 

A sub-set of mixture profiles were interpreted in STRmix™ as containing one more (n+1) or one fewer (n-1) contributors 

than actually present. The results of interpretation, including contributor ratios, LRs, and run diagnostics were evaluated 

in comparison to the interpretations assuming the correct number of contributors. 

For the n+1 interpretations, nine of the 14 samples had interpretations which resulted in a percent contribution of zero 

for the additional contributor, indicating that STRmix™ could not model an additional contributor with measurable 

presence in the mixture. For these samples, the calculated percent contribution for the actual contributors was within 1% 

of the calculated value when interpreted assuming the correct number of contributors. LRs were within one order of 

magnitude of the calculated value when interpreted assuming the correct number of contributors. 

The remaining five profiles resulted in contributor values for the n+1 contributor ranging from 1-21%. The n+1 

interpretations which assigned measurable mixture proportion to the additional (non-real) contributor also had decreased 

LR for true contributors. No instances of increased LRs were observed. 

Three of the three-person mixtures (2:2:1, 3:2:1, and 12:2:2) had both the n and n+1 interpretations compared to the 

known non-contributor database with the resultant LRs compared. As discussed in the above section, all profiles when 

interpreted as the correct number of contributors resulted in full exclusions for all non-contributors. When interpreted as 

n+1 contributors, 23.1% resulted in full exclusions, 76.5% resulted in LRs in favor of H2 (0<LR<1), and 0.4% resulted in LRs 

in favor of H1 (LR>1). Figure 5.c.1 and Table 5.c.1 provide summaries of this data. Figure 5.c.1 plots calculated LRs for both 

known contributors and known non-contributors. Table 5.c.1 provides count of individuals resulting in LRs in discrete 

ranges when non-contributors are compared to various mixtures. 

Figure 5.c.1. Calculated LR for profiles interpreted as n contributors plotted against LR for same profile interpreted as n+1 contributors. Blue series is 

known contributors in three-person mixtures, green series is known contributors in two-person mixtures. Orange series is known non-contributors 

compared to three-person mixtures. Plot includes multiple contributor ratios. Note: STRmix™ determined exclusions (LR = 0) are plotted as log(LR)=-

30 to allow display on the logarithmic scale chart. 
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Table 5.c.1. Count of profiles in discrete LR ranges for known non-contributors compared to interpretations of three-person mixtures. 500 non-

contributors were compared for LR calculations against each profile. 

 LR = 0 LR<10^-5 10^-5<LR<1 1<LR 

N2-2-1 (as 3) 500 0 0 0 

N3-2-1 (as 3) 500 0 0 0 

N12-2-2 (as 3) 500 0 0 0 

N2-2-1 (as 4) 0 395 104 1 

N3-2-1 (as 4) 0 168 328 4 

N12-2-2 (as 4) 346 17 136 1 

 

A selection of 16 two- and three-person mixtures were interpreted as n-1 relative to actual contributor number. Most 

profiles were specifically chosen due to appearance which could be manually interpreted as one less than the actual 

contributors based on allele count and/or minor peaks being in stutter position. One series of the same contributor ratio 

(12:2:2) was selected for attempted interpretation across the minor contributor dilution range (6.5pg – 100pg). Of these 

16 profiles, three resulted in failed runs with a STRmix™ message that the “evidence cannot be explained given the 

parameters,” indicating that STRmix™ was unable to model the data with the number of contributors (n-1) indicated by 

the user. These profiles were the three highest input samples from the 12:2:2 ratio series, which all had five alleles present 

at one or more loci which could not be explained as stutter. 

The calculated LRs of visible major contributors in three-person mixtures were largely unaffected by interpretation as n-

1. Effects on the LR for the major contributor in the two-person mixtures, middle contributor in the three-person mixtures, 

and minor contributor in the three-person mixtures varied substantially among samples. Some were only minimally 

changed, while others become full exclusions. The known minor contributors in the two-person mixtures were all fully 

excluded when the profile was interpreted as n-1 (i.e. interpreted as a single source profile). It should be noted that the 

LRs for these individuals when interpreted as n contributors were all minimally supportive of H1 (highest = 286) or 

supportive of H2, and that the profiles used in this section were specifically selected based on the limited presence of the 

minor contributor to increase the probability of successful n-1 interpretation.  

Figure 5.c.2. Calculated LR for profiles interpreted as n contributors plotted against LR for same profile interpreted as n-1 contributors. Profiles which 

failed interpretation are not included. Note: STRmix™ determined exclusions (LR = 0) are plotted as log(LR)=-30 to allow display on the logarithmic 

scale chart. 

 

1.00E-30

1.00E-24

1.00E-18

1.00E-12

1.00E-06

1.00E+00

1.00E+06

1.00E+12

1.00E+18

1.00E+24

In
te

rp
re

ta
ti

o
n

 a
s 

n
-1

Interpretation as n

3p major contributor

2p major contributor

3p middle contributor

2p minor contributor

3p minor contributor

slope =1



Page 17 of 38 
 

Based on these studies, the mis-identification of contributor number in a mixture has limited and predictable effects on 

two- and three-person mixtures. When the number of contributors is overestimated, the primary concern is inflating LRs 

for non-contributors. The LRs for true contributors are minimally affected, with the most common change being a decrease 

in the LR. When an apparent increase in LR from the n to n+1 interpretation of the same profile was observed, the values 

were within one order of magnitude.  

The “extra” contributor is most often modeled at very low levels – minimal percent contribution, equating to low RFUs 

and high probability of allelic dropout. Because of this, it has limited impact on the true contributors, but increases the 

possibility of obtaining inclusionary LRs for non-contributors due to the limited alleles to be used for exclusion. For the 

mixtures compared to the non-contributor database, only four of 1500 (0.03%) non-contributors had inclusionary LRs 

when interpreted as n+1 mixtures. Based on the low number of LRs supporting H1 when H2 was actually true, along with 

the low calculated values of those LRs, it can be concluded that the impact on interpretations of assuming one additional 

contributor is minimal for two- and three-person mixtures. 

The impact of assuming one less contributor appears to be more substantial, provided STRmixTM is able to successfully 

complete interpretation and calculate LRs. For the majority of low contributor number mixtures, the possibility of mis-

assigning contributor number is minimal when maximum allele count and possible peaks below AT are properly 

considered. In instances where the maximum allele count exceeds the n-1 expected allele count (not including alleles in 

stutter positions), STRmix™ will appropriately return an error from the attempted interpretation. If STRmix™ does 

successfully complete interpretation as n-1 contributors, there is an increased risk of obtaining LRs supporting H2 with 

known contributors. As with n+1 interpretations, distinct major contributors appear to be less affected by mistaken 

estimates of contributor number. The impact was most noticeable for minor contributors, however those contributors 

also tended to have very low positive or exclusionary LRs even when interpreted as n contributors for affected samples.  

While care should always be taken to assign the correct number of contributors to a mixture for interpretation, with 

forensic samples it is always impossible to know whether the correct number has been assigned. These studies indicate 

that the impact of incorrect contributor determination is of minimal impact, particularly for major contributors present 

well above dropout levels (stochastic threshold). Based on these studies for low contributor number mixtures, it would 

seem that the presence of ambiguous artifacts leading to incorrect assessment of n+1 contributors represents the most 

probable mechanism for obtaining LRs supporting inclusion of non-contributors. However, the statistical weight of these 

inclusions is quite low, and would indicate that the use of an “uninformative” LR range should be considered in order to 

avoid reporting inclusions for non-contributors. If the number of contributors is falsely identified as n-1, the greatest risk 

is false exclusions of true contributors, which cedes bias to the person of interest. 

It is likely that mixtures with more contributors will be more affected by incorrect contributor number determination, 

both because it is more likely to misidentify the number of contributors, and because the increased number of alleles 

present makes it more likely that non-contributors could have inclusionary LRs by chance. These studies should be 

repeated with four- and five- person mixtures and any determined “uninformative” LR range should be further evaluated 

based on any inclusionary LRs of known non-contributors. 

5.d: Inclusion of relatives as POI in H1 

A set of two-person mixtures at a 1:1 ratio was prepared targeting a range of amplification targets (0.10ng, 0.20ng, 

.375ng, 0.75ng, 1.00ng, and 1.50ng). One of the contributors to these mixtures was an individual that also had profiles 

available from biological relatives. The profiles from these relatives were then used for comparison purposes to this 

mixture series to assess how relatedness and decreasing amplification input affects STRmix™ LRs. 

The profiles generated resulted in an approximately 1:1 ratio, with STRmix™ assigned percent contributions that were 

50% ± 8%. After profiles had been analyzed in STRmix™, profiles from the father, mother, three brothers, two nieces, and 
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daughter of one of the true contributors to these mixture profiles were run as the POI under H1. The only profile that 

resulted in non-zero LRs was the mixture amplified at 0.10ng, which was the profile with the least amount of genetic 

material and data in the series. The largest LR obtained from the 0.10ng profile was .15 (1.50E-1) which was obtained 

when running the mother of the known contributor against the profile. See the table below for the STRmix™ LR values 

obtained from each relative when run as POI under H1 for the profile at 0.10ng input. 

Table 5d.1. STRmix™ Stratified Relative and Stratified Unrelated LR values obtained for the sample amplified at 0.10ng. Stratified Relative LR value is 

reported for the known relationship between the POI and the true contributor. 

Assumed in H1 STRmix™ LR: Stratified Relative STRmix™ LR: Stratified Unrelated 

Father 2.65E-03 1.60E-03 

Mother 1.05E-03 1.50E-01 

Brother 1 8.20E-04 1.01E-03 

Brother 2 5.22E-06 2.20E-05 

Brother 3 2.65E-06 6.95E-06 

Niece 1 3.16E-10 1.79E-10 

Niece 2 5.57E-13 1.95E-13 

Daughter 9.12E-03 8.35E-02 

True Contributor N/A 4.29E+03 

 

For profiles that had adequate amplification inputs, STRmix™ appropriately included a true contributor, and provided an 

LR of zero for the relatives run as assumed contributors to H1. As amplification input and resulting data decreased, 

STRmix™ provided stratified relative and unrelated LR values that were above zero, but so small as to be uninformative.  

Evaluation of the inclusion of non-contributor relatives in H1 for three-person mixtures can be found in section 10 below.  

Section 6: Precision 

Two two-person and two three-person mixtures underwent repeat evaluations in STRmix™ with variable post burn-in 

iterations. Five interpretation repetitions were conducted for each sample at each of 50,000; 500,000; and 5,000,000 post 

burn-in accepts. The STRmix™ determined contributor proportions, Gelman-Rubin convergence diagnostics, and 

log(likelihood) values were used to evaluate the repeatability of STRmix™ interpretations as well as the effects of varying 

iterations on run diagnostics. Run times were also tracked to assess the impact of increased iterations on computational 

efficiency.  

Using second contributor percent contribution as an illustration (Figure 6.1), it can be seen that increasing number of post 

burn-in accept iterations does minimize the run-to-run variation but does not change the results of the interpretation. 

This trend is also representative of results for contributors one and three (if present) in the mixtures.  
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Figure 6.1. Percent contribution for contributor two plotted against post burn-in accept iterations.  

 

Diagnostic values were also evaluated to determine if increased iterations may improve values of STRmix™ secondary 

diagnostic indicators. One of the secondary diagnostics within STRmix™ is the Gelman-Rubin (G-R) convergence diagnostic, 

which can indicate whether the chains in the MCMC analysis converged to the same answer space. Perfect convergence 

of all chains would result in G-R=1. G-R values >1.2 are an indication of high between-chain variance, which may be 

associated with a poorly resolved interpretation. As illustrated in Figure 6.2, extended iterations tend to lower the G-R 

value and decrease variation in the G-R value between replicate runs. 

One additional secondary diagnostic, the profile log(LR), was assessed across the repeated analyses. The log(LR) is a 

measure of how well the proposed profile fits the observed data. The larger the value, the better STRmix™ has been able 

to describe the observed data, while a negative value would indicate that STRmix™ was unable to describe the data well 

given the available information. For each sample, increased iterations had minimal effect on log(LR). Variation for all 

samples was <15% and run-to-run variation within repeated analyses at the same iteration number were similar to 

variation between iteration number sets (data not shown). 

Finally, run times were tracked for all interpretations. Run times increased along with increased iterations. In general, run 

times increased ~2-3x from 50,000 iterations to 500,000 iterations and ~9-20x from 50,000 iterations to 5,000,000 

iterations (data not shown). 
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Figure 6.2. Gelman-Rubin value plotted against post burn-in accept iterations. 

 

Additionally, for one contributor in each of two samples, five replicate likelihood ratios were calculated for multiple 

interpretation replicates to assess the run-to-run variation of the LR when the same underlying sample interpretation is 

used. Figures 6.3 and 6.4 graph the replicate LRs for each replicate interpretation. Figure 6.3 is a 1:1:1 mixture in which 

the contributor is fully represented with no dropout. Figure 6.4 is a 3:2:1 mixture in which the targeted contributor is 

present at a very low input concentration (12.5pg). For this sample, substantial dropout is present throughout the profile, 

including full dropout of the minor contributor. All calculated LRs favored H2 (individual not in mixture). In both instances, 

replicate LRs both within and between iteration repeats held consistent within one order of magnitude. Additional 

samples in which minimal data from the targeted contributor was present in the EPG also underwent replicate LR 

calculations without replicate interpretations and had similarly tight distribution of results (data not shown). 
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Figure 6.3. Likelihood ratios calculated for a single known contributor (K+2U/3U) in a 1:1:1 mixture at optimum amp input (1.5ng). LRs on the Y-axis 

are graphed on a logarithmic scale. Each of the five 50,000 iteration interpretations had five repeated LRs calculated using the result file. 

 

Figure 6.4. Likelihood ratios calculated for the known minor contributor (K+2U/3U) in a 3:2:1 mixture in which the minor contributor is targeted amp 

input of 12.5pg. Each of the five 50,000 iteration interpretations, along with one each of the 500,000 and 5,000,000 iteration interpretations, had 

five repeated LRs calculated using the result file. 
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Based on this data, the interpretation outputs of STRmix™ have acceptable precision. While run-to-run variation is present, 

this is expected due to the MCMC process. In general, minimal variation in the reported results were seen, both in terms 

of contributor percent composition and calculated likelihood ratios. Due to the layers of conservatism built in to the 

calculations for the final reported LR, the variation is acceptable and therefore STRmix™ can be considered sufficiently 

precise for use in interpretation. 

With regards to improved diagnostics, it should be noted that all mixtures generated for the present studies were well 

resolved by STRmix™ and therefore most had diagnostics which were within expected ranges. For those sample which had 

diagnostics slightly outside normal parameters, only one diagnostic was affected, and all others were normal, indicating 

STRmix™ was able to model the profile well despite unusual data. While the results indicate that extended runs can 

improve STRmix™ ability to interpret a profile, this improvement appears minimal for most two- and three-person 

mixtures with very little impact on the final interpretation. Given the substantial increase in run time, use of extended 

iterations should be limited to circumstances with multiple diagnostics for the same run well outside normal parameters. 

The effects of extended runs may be more pronounced for four- and five-person mixtures as well as challenge samples 

which have not been fully explored in this portion of the validation. 

Section 7: Variable Typing Conditions 

Four two-person mixtures at ratios of 5:1, 10:1, 20:1, and 40:1 and four three-person mixtures at ratios of 3:2:1, 4:2:1, 

10:5:1, and 12:2:2 were boost-amplified to target 3.0ng and 4.5ng of total input DNA. These mixtures were analyzed in 

STRmix™, along with the same mixtures targeting the standard 1.5ng input to assess the impact of boost amplification on 

STRmix™ interpretation, particularly with regard for possible false inclusions or exclusions. The expected/known percent 

contributions of each contributor were compared to the percent contributions reported by STRmix™ to determine if 

profile modeling was impacted by boost amplification. 

In the two-person mixture series, the major contributor (C1) was excluded from the mixture for two of the 3.0ng boost 

amps and one of the 4.5ng boost amps. The minor contributor (C2) was excluded from the mixture for three of the 3.0ng 

boost amps and three of the 4.5ng boost amps. For C1, all reported exclusions were due to single-locus exclusions as a 

result of artifacts/pull-up being included in the sample import file and STRmix™ modeling them in the mixtures as real 

alleles. For C2, most were single- or double-locus exclusions due to artifacts/pull-up being included. At the 40:1 ratio, 

there was some dropout of the minor, which, along with artifacts, caused the exclusion. There were no significant 

differences in the expected percent contributions of known contributors compared to STRmix™ modeled percent 

contributions for the boosted samples. 

Figure 7.1. Results table for the two-person mixtures at 3.0ng and 4.5ng boost amplifications. 

  Cont. 1 Cont. 2 

Sample 
Target 

(ng) 
Expected 
%Contrib. 

STRmix™ 
%Contrib. 

STRmix™ LR 
Expected 
%Contrib. 

STRmix™ 
%Cont 

STRmix™ LR 

L5-1 3.0 83.3 82.0 3.2722E+27 16.7 18.0 2.1003E+28 

L10-1 3.0 90.9 91.0 0.0000E+00 9.1 9.0 0.0000E+00 

L20-1 3.0 95.2 95.0 0.0000E+00 4.8 5.0 0.0000E+00 

L40-1 3.0 97.6 97.0 6.9075E+26 2.4 3.0 0.0000E+00 

L5-1 4.5 83.3 82 2.6874E+27 16.7 18 2.1423E+28 

L10-1 4.5 90.9 94 0.0000E+00 9.1 6 0.0000E+00 

L20-1 4.5 95.2 96 1.1502E+27 4.8 4 0.0000E+00 

L40-1 4.5 97.6 97 1.1047E+27 2.4 3 0.0000E+00 
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Figure 7.2. Electropherogram for Sample L40-1 boost amplified at 4.5ng. Many exclusions occurred at the locus D12S391 due to a pull-up artifact 

(18.3) being included. It was difficult to distinguish real alleles from artifacts and pull-up. 

 

In the three-person mixture series, all three contributors were included in all the mixtures at 3.0ng and 4.5ng boost amps 

and there were no significant differences in the expected percent contributions of known contributors vs. STRmix™ 

modeled percent contributions. However, these samples required substantial analysis effort to determine artifacts, pull-

up, etc. and what should be included as real alleles and stutter for STRmix™ interpretation. In at least one sample (data 

not shown), pull-up overlapped with a stutter allele, causing the stutter to be out of model. If included, the resulting allele 

was too high to be called stutter by STRmix™ and if excluded, the interpretation resulted in a highly abnormal stutter 

variance.  
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Figure 7.3. Results table for the three-person mixtures at 1.5 ng, as well as 3.0ng and 4.5ng boost amplifications. 

   Cont. 1 Cont. 2 Cont. 3 

Sample/ 
Target 

Expected 
%Cont. 

STRmix™ 

%Cont 

STRmix™ 

LR 
Expected 
%Cont. 

STRmix™ 

%Cont 

STRmix™ 

LR 
Expected 
%Cont. 

STRmix™ 

%Cont. 

STRmix™ 

LR 

N
3

-2
-1

 1.5 50.00 61 1.08E+28 33.33 22 8.43E+24 16.67 17 6.67E+17 

3.0 50.00 60 3.05E+28 33.33 24 1.78E+28 16.67 16 4.96E+22 

4.5 50.00 60 7.34E+25 33.33 26 2.82E+23 16.67 13 2.514E+13 

N
4

-2
-1

 1.5 57.14 69 1.29E+29 28.57 19 9.85E+24 14.29 13 4.29E+19 

3.0 57.14 65 1.51E+29 28.57 21 5.72E+28 14.29 13 3.33E+22 

4.5 57.14 63 1.06E+29 28.57 21 5.63E+27 14.29 15 1.40E+22 

N
1

0
-5

-1
 

1.5 62.50 68 1.18E+29 31.25 26 2.13E+30 6.25 6 7.12E+12 

3.0 62.50 69 1.22E+29 31.25 23 2.24E+30 6.25 7 8.32E+17 

4.5 62.50 71 1.37E+29 31.25 23 1.86E+30 6.25 5 2.32E+16 

N
1

2
-2

-2
 

1.5 75.00 80 1.25E+29 12.50 11 1.86E+17 12.50 9 5.18E+13 

3.0 75.00 85 1.84E+29 12.50 11 3.55E+17 12.50 5 8.56E+11 

4.5 75.00 81 1.06E+29 12.50 10 1.71E+16 12.50 9 2.84E+14 

 

Figure 7.4. Electropherogram for Sample N12-2-2 boost amplified at 3.0ng, illustrating the amount of pull-up and artifacts requiring edits during pre-

STRmix™ analysis and the similarity in peak heights between minor contributor alleles and pull-up/artifacts. 
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The results of the variable typing conditions testing indicate that boost amplifying a sample at targets of 3.0ng and above, 

especially to increase the peak heights of minor alleles in mixtures with high ratios between contributors, could result in 

false exclusions in the mixture interpretation. In general, samples should not be boost amplified more than 1.5x target as 

the increased incidence of artifacts and resulting ambiguity of analysis counteracts the benefit of any additional minor 

alleles which may be obtained in the amplification. Observation of major contributor peak heights in a standard target 

amplification must be considered when determining whether a boost amplification is appropriate.  

Section 8: Partial Profiles 

Data was pooled and/or generated to assess the effect on likelihood ratio when partial DNA profiles are obtained. The 

impact of allele dropout due to decreasing amplification target, DNA degradation, and amplification inhibition were 

examined, and the results obtained described below. All results are consistent with qualitative expectations; as data 

quality and profile completeness decrease, the likelihood ratio also decreases. 

8.a: Dropout 

The effect of dropout on the likelihood ratio of the minor contributor in a mixture was evaluated using data from the 

mixed specimens and hypothesis testing portion of the validation, detailed above. The likelihood ratios from one two-

person mixture series and one three-person mixture series, each with minor contributor targets of 6.5pg, 12.5pg, 25pg, 

50pg, and 100pg were compared to the minor targets of each corresponding mixture targeting 1.5ng.  

Decreasing the amplification input of the minor contributor in a mixture resulted in an expected decreased likelihood 

ratio for both two-person and three-person mixtures (see Tables 8.a.1 and 8.a.2).  

Table 8.a.1. Effect of dropout on LR for the minor contributor in a two-person mixture series 

Mixture 
Ratio 

LR for Minor Cont. by Minor Target Minor Cont. LR @ 
1.5ng Amp 

1.5ng Amp: Minor 
Target (pg) 6.5pg 12.5pg 25pg 50pg 100pg 

2:1 0.00E+00 2.34E+00 9.55E-01 8.50E+01 1.98E+18 9.54E+18 500 

3:1 2.82E-01 1.58E+00 1.19E-01 2.91E+09 3.16E+22 3.21E+25 375 

5:1 7.33E-01 1.30E-01 6.45E+02 1.66E+12 2.62E+24 9.99E+24 250 

10:1 2.51E-01 2.30E-01 4.05E+04 6.02E-01 4.89E+17 2.22E+25 136 

20:1 4.19E-01 2.87E+02 2.65E+07 5.45E+06 8.58E+22 1.16E+15 71.4 

40:1 2.30E-01 6.54E+00 3.96E+03 2.75E+14 6.41E+20 1.06E+14 36.5 

 
Table 8.a.2. Effect of dropout on LR for the minor contributor in a three-person mixture series 

Mixture 
Ratio 

LR for Minor Cont. by Minor Target Minor Cont. LR @ 
1.5ng Amp 

1.5ng Amp: Minor 
Target (pg) 6.5pg 12.5pg 25pg 50pg 100pg 

2:2:1 4.21E-01 2.39E-01 3.53E+01 1.94E+07 1.92E+11 1.50E+17 300 

3:2:1 7.02E-02 3.31E-01 6.33E-04 5.53E+09 4.40E+13 6.68E+17 250 

4:2:1 4.17E-01 8.95E-03 1.50E+01 1.27E+02 2.38E-01 4.30E+19 14 

7:7:2 5.41E-01 1.68E+01 5.08E-04 9.80E+04 8.28E+07 3.60E+17 93.7 

12:2:2 2.09E-01 2.52E-01 6.17E+05 7.62E+06 4.25E+10 5.19E+13 93.7 
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8.b: Degradation 

A portion of previously extracted single source samples were intentionally degraded using a Spectrolinker™ XL-1500 uv 

crosslinker. Extracts were exposed to 600, 900, or 1200 J/cm2. Degradation was evaluated following amplification of the 

irradiated extracts. The highest [Auto]/[D] ratio detected using PowerQuant® was 12.3.  

 Three-person mixtures targeting proportions of 1:1:1, 2:2:1, 4:2:1, and 10:5:1 were created using a combination of 

treated and untreated extracts. These mixtures were analyzed in STRmix™, and likelihood ratios for known contributors 

were calculated. The likelihood ratios were compared to the likelihood ratios calculated for the non-degraded 1.5ng 

target mixture series corresponding to the same proportions and same contributors. All the mixtures were ≥85% 

complete in terms of total allele count. 

In general, the likelihood ratios calculated for the degraded mixtures are lower than the likelihood ratios calculated for 

the untreated mixtures, particularly for the degraded contributors. See Figure 8.b.1. While lower, the likelihood ratios 

calculated for the degraded contributors are inclusionary. No false exclusions were observed. 

Figure 8.b.1. Likelihood ratios obtained from pristine mixtures and mixtures with degraded DNA. 
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8.c: Inhibition 

Three-person mixtures targeting proportions of 1:1:1 and 4:2:1 were created using previously extracted standards. 

Known inhibitors, including phenol chloroform isoamyl alcohol (PCI), ethanol, gun oil, QSW1, and QSW2 were added to 

the mixtures. The resulting combinations were amplified and typed. The mixtures spiked with PCI resulted in no DNA 

profile. One of the mixtures spiked with QSW1 resulted in no DNA profile. The remaining samples were analyzed in 

STRmix™, and likelihood ratios for known contributors were calculated. The likelihood ratios were compared to the 

likelihood ratios calculated for the pristine mixture series corresponding to the same proportions and same contributors. 

In general, the likelihood ratios calculated for the inhibited samples are lower in value than the likelihood ratios 

calculated for the untreated samples. See Figure 8.c.1. However, the 4:2:1 mixture treated with gun oil resulted in 

slightly higher likelihood ratio values than the untreated 4:2:1 mixture profile. Gun oil may not be a strong inhibitor, or 

this may be due in part to the relatively low volume of oil (2 µL) added to the samples. 

Figure 8.c.1. Likelihood ratios obtained from pristine mixtures and mixtures spiked with increasing amounts of QSW2. 

 

Overall, if the majority of the profile was detected, the likelihood ratios calculated for the inhibited samples were 

inclusionary. See Figure 8.c.2. The 1:1:1 mixture treated with QSW1 resulted in uninformative (LR = 0.033) or 

exclusionary likelihood ratio values. This is likely attributed to the partial nature of the profile. Only six out of a total of 

ninety-five alleles were detected in this profile. 
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Figure 8.c.2. Likelihood ratios obtained from pristine mixtures and mixtures spiked with common inhibitors. 

 

The run diagnostics associated with the deconvolution of each sample were also evaluated. While the Gelman-Rubin 

diagnostic (GR) was elevated (> 1.2) for some samples, the results did not appear to follow a noticeable trend with the 

addition of more inhibitor. See Table 8.c.3. The values associated with the log(likelihood) appeared to be more 

informative than the GR. In general, the larger the log(likelihood), the better STRmix™ was able to describe the observed 

data. These values decreased with the addition of more inhibitor. The 1:1:1 mixture treated with QSW1 resulted in a 

negative log(likelihood), indicating that STRmix™ was not able to describe the data very well. This is likely also attributed 

to the partial nature of the profile. See Table 8.c.4. 

Table 8.c.3. Gelman-Rubin and log(likelihood) run diagnostics from untreated mixtures and the mixtures spiked with increasing amounts of QSW2. 

Sample Gelman-Rubin log(likelihood) 

1:1:1 untreated 1.02 86.14 

1:1:1 (6 µL QSW2) 1.18 56.19 

1:1:1 (9 µL QSW2) 1.15 52.86 

1:1:1 (12 µL QSW2) 1.38 24.55 

1:1:1 (15 µL QSW2) 1.13 22.18 

4:2:1 untreated 1.36 79.73 

4:2:1 (6 µL QSW2) 1.1 53.85 

4:2:1 (9 µL QSW2) 1.57 38.65 

4:2:1 (12 µL QSW2) 1.36 43.04 

4:2:1 (15 µL QSW2) 1.15 0.35 
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Table 8.c.4. Gelman-Rubin and log(likelihood) run diagnostics from untreated mixtures and the mixtures spiked with common inhibitors. 

Sample Gelman-Rubin log(likelihood) 

1:1:1 untreated 1.02 86.14 

1:1:1 (PCI) n/a n/a 

1:1:1 (EtOH) 1.17 39.79 

1:1:1 (gun oil) 1.19 74.5 

1:1:1 (QSW1) 1.17 -4.53 

4:2:1 untreated 1.36 79.73 

4:2:1 (PCI) n/a n/a 

4:2:1 (EtOH) 1.34 27.93 

4:2:1 (gun oil) 1.06 63.67 

4:2:1 (QSW1) n/a n/a 

 

Section 9: Challenge Testing 

Five two-person and five three-person mixtures of varying contributor ratios and input amount were selected as challenge 

test samples. Each sample was re-analyzed to include numbered artifacts and re-interpreted in STRmix™ to determine the 

impact. All ten samples were interpreted by STRmix™ with no run error. Five of the ten samples (one two-person and four 

three-person) produced inclusionary LRs for all known contributors. The remaining five samples resulted in LR=0 for one 

known contributor. Of the five samples that resulted in exclusion of a known contributor, all were the result of an exclusion 

at one or two loci caused by the addition of artifacts. In four of the five instances, the falsely excluded contributor was the 

minor contributor to the sample. In one instance, the contributors were at a 1:1 balance. 

The inclusionary LRs obtained for the challenge test interpretations were compared to the LRs obtained from the 

previously run interpretation without the artifacts included. The impact of artifact addition on the LR increased as the 

contribution of the known contributor decreased; this result is intuitive, as all added artifacts were within the RFU range 

of the minor types (maximum: 413RFU). Impact on the major contributor was minimal; all challenge test samples resulted 

in LRs within one order of magnitude of the original LR. Impact on the minor contributor(s) varied. The greatest LR change 

was seen in the third contributor of the N12-2-2 4.5ng input sample. In this instance, the LR decreased from 284 trillion 

(original interpretation) to 137 billion (challenge test interpretation). 

One three-person mixture sample was re-analyzed to include an off-ladder (OL) artifact. During analysis set-up, the 

STRmix™ software produced an error indicating that the software could not validate the sample, citing that an OL was 

present. 

Four mixtures were analyzed and exported from GMID-X with the stutter filters on to assess the impact of significant 

stutter removal on STRmix™ analysis. All four samples resulted in negative log(likelihood) values and elevated stutter 

variance, indicating that the data could not be well explained by STRmix™ given the information provided.  

The results of the challenge testing indicate that the inclusion of true artifacts can cause false exclusions of known 

contributors, however, in some instances, impact of artifacts may be minimal. To ensure accurate analysis, all non-stutter 

artifacts should be removed prior to STRmix™ interpretation and diagnostics, such as log(likelihood) and stutter variance, 

should be examined. 
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Section 10: Allele Sharing 

A series of three-person mixtures was created in which two of the contributors were relatives. Buccal samples were 

collected from three generations of related individuals. Mixtures at 4:2:1 and 1:1:1 were utilized. Each mixture was run in 

STRmix™ and the percent contribution given by STRmix™ was compared to expected percent contribution. Additionally, 

LRs were obtained for each known contributor. Finally, all non-contributing family members were run against the mixtures 

to evaluate the possibility of obtaining LRs supporting inclusion for non-contributing relatives with STRmix™. Table 10.1 

details the familial relationships present in each mixture. 

Table 10.1 Familial mixture samples 

Sample Mixture Ratio Familial Relationship 

P1 1:1:1 Parent, Child, Unrelated 

P2 1:1:1 Sibling, Sibling, Unrelated 

P3 1:1:1 Uncle, Niece, Unrelated 

P4 1:1:1 Grandparent, Grandchild, Unrelated 

P5 1:1:1 Cousin, Cousin, Unrelated 

Q1a 4:2:1 Parent, Unrelated, Child 

Q2 4:2:1 Sibling, Unrelated, Sibling 

Q3 4:2:1 Uncle, Unrelated, Niece 

Q4 4:2:1 Grandparent, Unrelated, Grandchild 

Q5a 4:2:1 Cousin, Unrelated, Cousin 

 

The STRmix™ calculated percent contributions and likelihood ratios for each contributor in the familial mixture samples 

were compared to the results of mixtures with unrelated individuals (Non-familial) at the same ratios and amplification 

targets to assess the potential impact of relatedness on STRmix™ outputs.  

The results obtained for contributor percent contributions suggests that STRmix™ is not significantly impacted by presence 

of related individuals within a mixture. As shown in Table 10.2, STRmixTM calculated percent contribution results were 

reasonably close to expected values based on sample preparation and also did not vary substantially from values 

calculated for similar mixtures prepared with only non-related individuals.  

Table 10.2 STRmix™ percent contribution within familial and non-familial mixture samples. The percent contributions listed for the familial and non-

familial columns are average per contributor values across multiple mixtures at the listed ratios. Absolute Difference is the accumulated difference 

among all three contributors in the mixture relative to ideal values. 

Mixture Ratio Contributor Ideal Familial Absolute Difference Non-familial Absolute Difference 

1:1:1 Contributor 1 33.3% 40.0% 

13.3 

36.5% 

10.7 1:1:1 Contributor 2 33.3% 31.0% 35.5% 

1:1:1 Contributor 3 33.3% 29.0% 28.0% 

4:2:1 Contributor 1 57.1% 55.2% 

3.6 

58.0% 

5.7 4:2:1 Contributor 2 28.6% 30.2% 25.5% 

4:2:1 Contributor 3 14.3% 14.4% 16.0% 

 

The presence of relatives in mixtures had minimal impact on calculated likelihood ratios for known contributors. Similar 

likelihood ratio values were obtained for contributors to the familial mixture samples (both relatives and non-relatives) 

when compared to contributors to mixtures without related individuals (“non-familial”). A graph of the values obtained 

for the 1:1:1 mixtures is shown in Figure 10.3. 

 



Page 31 of 38 
 

Figure 10.3 Likelihood ratios of familial and non-familial 1:1:1 mixture samples 

 

Finally, LRs that favor exclusion or outright exclusions (LR=0) were obtained for all comparisons of known non-

contributing family members to the mixtures prepared as referenced in Table 10.1. However, one additional sample, 

resulting from the mis-preparation of a mixture was used for interpretation and LR calculations. In this sample, the 

unrelated individual was inadvertently present as a clear visual major (STRmixTM percent contribution ~78%) with 

mother and child profiles present as low-level minors. LRs favoring inclusion were obtained, as expected, for both 

mother and child. In this instance, an LR favoring inclusion (8.26E+07) was also returned for the father of the child.  

This study indicates that STRmix™ is suitable to use with mixtures containing related individuals. However, when 

individuals are present in mixtures at low levels where allelic drop-out is possible or even probable, LRs for close 

relatives (especially parent:child relationships) may support inclusion even when the POI is not a true contributor. 

Section 11: Evaluation of Case-type Samples 

Thirteen case-type samples consisting of mock casework samples and samples from adjudicated cases were selected for 

comparison of STRmix™ interpretation to binary interpretations performed following current WSCL protocols. 
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Table 11.a. Summary of binary and STRmix™ interpretation 

Profile 
Binary 

Interpretation 
Binary 
Result 

STRmix™ 
Interpretation 

STRmix™ 
Result 

STRmix™ Results Consistent with 
Known Contributor(s)? 

Mix of 2 Interpretable Inclusion Interpretable Inclusions Yes 

Mix of 2 Interpretable Inclusion Interpretable Inclusions Yes 

Mix of 3 
(degraded) 

Interpretable 
(major) 

Inclusion Interpretable Inclusion Yes 

Mix of 2 
Interpretable 

(major) 
Inclusion Interpretable Inclusion Yes 

Mix of 2 
(degraded) 

Interpretable 
(major) 

Inclusion Interpretable Inclusion Yes 

Single Source 
(low) 

Interpretable Inclusion Interpretable Inclusion Yes 

Mix of 2 (low) Uninterpretable N/A Interpretable N/A N/A 

Mix of 3 Uninterpretable N/A Interpretable Inclusion Yes 

Mix of 2 
(drop-out) 

Uninterpretable N/A Interpretable Inclusion Yes 

Mix of 3 
(degraded) 

Uninterpretable N/A Interpretable 
Uninformative 

& Inclusion 
No 

Mix of 3 Uninterpretable N/A Interpretable N/A N/A 

Mix of 4 Uninterpretable N/A 
Future: 

Interpretable 
N/A N/A 

Mix of 4 Uninterpretable N/A 
Future: 

Interpretable 
N/A N/A 

 

One mock casework sample (single source, low) could also be interpreted as a 2-person mixture due to imbalance and 

stutter artifacts, and would, under those conditions, be considered uninterpretable using binary methods. The single 

source versus 2-person mixture interpretation had little effect on STRmix™ calculated LRs. 

One mock casework sample (2-person mixture, low) had no known or expected result due to the sample source; 

consistency of STRmix™ results could not be determined. A relative of the presumed DNA donor was compared to the 

STRmix™ interpretation and an LR within the uninformative range was calculated (0.0151).  

 

The LR associated with one of the known contributors of one mock casework sample (3-person mixture, degraded) was 

within the uninformative range (18.06). This result is intuitive based on apparent degradation of the known contributor; 

four known contributor types were not present in the sample profile. Additional known types were low and in a stutter 

position. 
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Three mixture profiles from adjudicated cases (one 3-person and two 4-person mixtures) had no known or expected 

results; consistency of STRmix™ results could not be determined. Two samples were interpreted as both 4-person and 3-

person mixtures. If interpreted as 4-person mixtures, current binary methods dictate that the profiles are uninterpretable; 

if interpreted as 3-person mixtures, CPI statistics could be determined (data is available electronically). STRmix™ 

interpretation and results were similar regardless of contributor number. Log(likelihood) and GR diagnostics for all runs 

were within an acceptable range; one 3-person interpretation had elevated stutter variance indicating that the data was 

not well explained by the parameters provided to STRmix™. At this time mixtures of four or more individuals are not 

addressed by WSCL validation, however, this data indicates that STRmix™ is better able to handle contributor number 

ambiguity than current binary methods. 

This study demonstrates that STRmix™ can utilize more data than is available during binary interpretation which increases 

the number of profiles that are interpretable. Additionally, STRmix™ results were consistent with the binary results, when 

available for comparison. STRmix™ calculated LRs were at least seven orders of magnitude greater than the binary statistic 

for five of the six samples suitable for interpretation with both methods. For the sixth sample, the binary statistic (RMP) 

was less than one order of magnitude greater than the STRmix™ calculated LR. 

STRmix™ Validation Conclusions – Single Source to Three Person Mixtures 

The results of the studies presented in this summary indicate that STRmix™ is a reliable and robust interpretation method 

for DNA profiles. Results obtained from the software are consistent with ground truth mixture creation (when known), 

qualitative assessments of experienced DNA analysts, and interpretation with currently validated binary methods (when 

appropriate). 

Substantial training is necessary to prepare analysts to use the software and thoughtful protocols will be required to 

ensure its’ consistent use. However, long-term interpretation consistency among analysts and the ability to handle more 

complex interpretation scenarios which cannot be addressed with current binary methods make the investment in 

software and training worthwhile. 

The validation team, therefore, recommends the approval of STRmix™ for use as an interpretation method at the WSCL 

for single-source profiles as well as two- and three-person mixtures. It is the further recommendation of the team that 

additional studies be conducted to explore expanding the use of STRmix™ to include four- and five-person mixtures, along 

with further studies to maximize the use of other features of the program, including (but not limited to) the Mx prior 

function. 

Underlying data and additional results for this can be found on the X drive at:  

\\APPS01\dojshare\private\dles\CrimeLabs\DNA Sections\Validations & Studies\STRmix\Data 

Validation Team Members 

Madison – Becky Bohr, Katie Kohl, Aric Reilly, Lauren Schubert 

Milwaukee – Michelle Burns, Nicholas Kleine, Stephanie Kleine, Emily Schmitt, Jessica VandeWalle 
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Appendix 1 - Evaluation of the impact of the Applied Biosystems™ 3500 Series Data Collection 

Software 4 Upgrade and GeneMapper® ID-X Version 1.6 on profile behavior in STRmix™ v2.6 

Introduction 

The Division of Forensic Sciences is upgrading all computers to the Windows 10 operating system. This is being done to 

both improve functionality and maintain security of the system. The currently installed software versions for 3500 Series 

Data Collection Software (v3.1) and GeneMapper® ID-X (GMIDX) (v1.4) are not compatible with Windows 10. 3500 series 

Data Collection Software v4.0 [1] and GMIDX v1.6 [2, 3] will be installed on Windows 10 computers. 

These new software versions have been shown to have only minor effects on signal intensity [4]; however, as relative 

fluorescent unit (rfu) information is key to the STRmix™ model it is recommended that the potential effect of these 

workflow changes should be evaluated prior to the use of this data in STRmix sample interpretation for casework. A 

comparison study was performed between data generated with 3500 series Data Collection Software v3.1/GMIDX v1.4 

and 3500 series Data Collection Software v4.0/GMIDX v1.6 to determine whether the STRmix™ parameters prepared 

using Data Collection Software v3.1/GMIDX v1.4 are applicable to the data generated with the new version of each 

software. 

Sample Preparation 

Three male buccal standard extracts (previously organically extracted and purified) were re-quantified in triplicate and 

the values averaged. These samples were amplified as three dilution series (2.0ng, 1.5ng, 1.0ng, 0.50ng, 0.25ng, 0.15ng 

0.10ng, 0.05ng) with PowerPlex Fusion 6C. For the purposes of this comparison, one replicate set of each dilution series 

was selected for analysis. In addition, two 2-person mixtures and two 3-person mixtures (also previously prepared) were 

quantified in duplicate, and amped once with Fusion 6C targeting 1.5ng. 

Samples were analyzed in their respective versions of GMIDX. For the dilution series samples, the analytical threshold 

(AT) was set at 40 RFUs. The threshold was set below WSCL’s validated 75 RFU AT for Fusion 6C to capture more stutter 

peaks for analysis. Apart from stutter peaks, all other artifacts were manually deleted from the profiles. The data was 

exported and sent to ESR for Model Maker analysis. Mixture samples were analyzed using the Laboratory’s standard 

GMIDX analysis methods and run through STRmix™ v2.6 using WSCL’s parameters prepared using 3500xL Data 

Collection Software 3.1 and GeneMapper® ID-X Version 1.4. 

Evaluation of Peak Height Variances 

Twenty-four single source profiles were prepared using Data Collection Software 3.1 and GeneMapper® ID-X Version 1.4, 

and Data Collection Software 4 and GeneMapper® ID-X Version 1.6. These profiles varied in quality; ranging from 

complete ‘balanced’ profiles to profiles where there is a high degree of dropout and imbalance. Each set of profiles was 

run through the Model Maker function of STRmix™ v2.6 five times to assess the effect of MCMC variability (data held on 

record but not shown here). As expected small differences in the shape and scale of each distribution were noted. More 

pronounced differences were noted in the -6 base pair stutter peak distributions however this is likely due to data 

paucity of this infrequently observed and often low level stutter type. The variance parameters of one of the five runs 

from each set were then randomly selected and the prior distributions for variance of each peak type under each of the 

two conditions are compared in Figure 1. 
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Figure 1: Comparison of the prior variance distributions for each peak type modelled within the WSCL Fusion6C STRmix™ kit. Where ‘Old’ indicates 

Data Collection Software 3.1 and GeneMapper® ID-X Version 1.4 and ‘New’ indicates Data Collection Software 4 and GeneMapper® ID-X Version 

1.6 
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Forward stutter variance (1,0) 

 
 
 
 
 

Minus 2 base pair variance (0,-2) 
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Minus 2 repeat prior distribution for variance (-2,0) 

 
Minus 6 base pair prior distribution for variance 

 
 

As may be seen in Figure 1, the prior distributions for variance of each peak type, other than -6bp stutter, are similar 

between the two different types of data collection and analytical software conditions indicating that continuing with the 

existing prior variance parameters, as detailed in the document ‘Estimation of STRmix™ parameters for Wisconsin State 

Crime Laboratory’, is supported. The difference noted in the prior distribution for variance of the -6bp stutter peak type 
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is not unexpected given the variability of the repeated runs of the same data to assess MCMC variability, as described 

above.  These peaks were carefully reviewed during the second phase of this project where previously analyzed samples 

were re-interpreted in STRmix™ following the new data collection and processing conditions. 

Mixture Evaluation 

All profiles were evaluated using STRmix™ v2.6 to obtain an interpretation and a statistical analysis for each known 

contributor. The STRmix™ mixture proportions and LR for each contributor of the Data Collection Software v3.1/GMIDX 

v1.4 analyzed samples were compared to the Data Collection Software v4.0/GMIDX v1.6 analyzed samples for each 

mixture. Based on these comparisons, similar values were obtained for the mixture proportions between the two 

datasets. Contributor LRs were observed to be similar in order of magnitude and within the run-to-run variability 

inherent to STRmix™ for repeated analysis of a single sample. See Figure 2. 

Figure 2. Comparison of STRmix™ calculated percent contribution and LRs for each contributor. For this figure, samples run with Data Collection 

Software version 3.1/GMIDX v1.4 will be referred to as “Old” and samples run with Data Collection Software version 4.0/GMIDX v1.6 will be 

referred to as “New”. 

 

 

 

 

 

 

 

 

Conclusion 

The work detailed in this appendix supports the continued use of the variance parameters determined for data prepared 

using Data Collection Software 4 and GeneMapper® ID-X version 1.6 detailed in document ‘Estimation of STRmix™ 

parameters for Wisconsin State Crime Laboratory’. 

Note: The data analysis for the evaluation of peak height variances section of this appendix was performed and 

summarized by Laura Russell at ESR. Portions of her summary were incorporated into this document. 
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 Contributor 1 Contributor 2 Contributor 3 

Sample 
% 

Contrib LR 
% 

Contrib LR 
% 

Contrib LR 

NC19-348 D Old 54 1.20E+29 46 1.92E+29 N/A N/A 

NC19-348 D New 53 9.56E+27 47 1.32E+28 N/A N/A 

NC19-348 E Old 55 9.36E+21 45 4.15E+21 N/A N/A 

NC19-348 E New 56 4.24E+20 44 1.74E+20 N/A N/A 

NC19-348 F Old 45 1.48E+23 34 4.65E+19 22 3.84E+22 

NC19-348 F New 45 1.14E+23 34 7.21E+19 21 3.78E+22 

NC19-348 G Old 38 1.77E+21 33 1.35E+11 28 2.65E+14 

NC19-348 G New 39 1.30E+23 33 3.02E+12 28 5.34E+14 


