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ABSTRACT: Currently in the United States there is little direction for what constitutes sufficient guidelines for DNA mixture interpretation.
While a standardized approach is not possible or desirable, more definition is necessary to ensure reliable interpretation of results is carried
out. In addition, qualified DNA examiners should be able to review reports and understand the assumptions made by the analyst who
performed the interpretation. Interpretation of DNA mixture profiles requires consideration of a number of aspects of a mixed profile, many of
which need to be established by on-site, internal validation studies conducted by a laboratory’s technical staff, prior to performing casework
analysis. The relevant features include: criteria for identification of mixed specimens, establishing detection and interpretation threshold values,
defining allele peaks, defining nonallele peaks, identifying artifacts, consideration of tri-allelic patterns, estimating the minimum number of
contributors, resolving components of a mixture, determining when a portion of the mixed profile can be treated as a single source profile,
consideration of potential additive effects of allele sharing, impact of stutter peaks on interpretation in the presence of a minor contributor,
comparison with reference specimens, and some issues related to the application of mixture calculation statistics. Equally important is using
sensible judgment based on sound and documented principles of DNA analyses. Assumptions should be documented so that reliable descriptive
information is conveyed adequately concerning that mixture and what were the bases for the interpretations that were carried out. Examples are
provided to guide the community. Interpretation guidelines also should incorporate strategies to minimize potential bias that could occur by
making inferences based on a reference sample. The intent of this paper is to promote more thought, provide assistance on many aspects for
consideration, and to support that more formalized mixture interpretation guidelines are developed.
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The interpretation of forensic DNA evidence is a very important
part of the analytical process. It requires human processing and
experience with the nuances of interpreting evidentiary and refer-
ence profiles. In particular, complex DNA mixture profiles at times
can present challenges for analysts interpreting the profile(s). How-
ever, current mixture interpretation guidelines ⁄ requirements within
the United States demand only that a mixture interpretation proto-
col be in place. Such minimal requirements are clearly inadequate
and potentially could lead to a wide range of interpretations being
carried out. Variations within interpretation guidelines are some-
what acceptable and necessary. But in our experience some
approaches are in error, and in some cases good results are being
ignored. Because mixed samples can present interpretative chal-
lenges, basic assumptions must be stated and well-defined empirical
parameters must be established by any laboratory conducting

forensic casework (Table 1). Otherwise, incorrect interpretations
may arise. Furthermore, due to limited information concerning the
nature of any mixture (or single source sample profile for that mat-
ter), a laboratory must incorporate strategies within its interpretation
guidelines to minimize potential bias that could be influenced by
any reference sample analyzed. Preventative measures and sound
scientific principles are essential to maintaining fidelity and an
objective nature of the conclusions rendered by the forensic scien-
tist. Such practices must be employed by all scientists performing
DNA casework analyses. The importance of establishing these
quality assurance elements through on-site, internal validation stud-
ies to include appropriate mixture studies conducted by a labora-
tory’s technical staff, prior to performing casework analysis using a
new technology, cannot be overstated.

The discussion presented herein addresses various scenarios to
consider for more defined interpretation guidelines for mixture
analysis than currently required by quality assurance standards. The
intent is that more formalized mixture interpretation guidelines are
developed and assumptions documented so that reliable descriptive
information is conveyed adequately concerning that mixture, proper
interpretations are carried out, and contextual and confirmation
biases are minimized. This document does not evaluate the appro-
priateness of any specific analytical parameter value (e.g., quantity
of target for the PCR, injection time, etc.), re-analysis strategy
(e.g., desalting of PCR amplicons, use of multiple detection instru-
ments, use of increased and ⁄ or decreased injection times, etc.),

1FBI Laboratory, 2501 Investigation Parkway, Quantico, VA 22134.
2Alabama Department of Forensic Sciences, 2026 Valleydale Road, Hoo-

ver, AL 35244.
3Minnesota BCA Forensic Science Laboratory, 1430 Maryland Avenue

East, St. Paul, MN 55106.
4South Carolina Law Enforcement Division, DNA Database Unit, 4416

Broad River Road, Columbia, SC 29210.
*This is publication number 08–04 of the Laboratory Division of the Fed-

eral Bureau of Investigation. Names of commercial manufacturers are pro-
vided for identification only, and inclusion does not imply endorsement by
the Federal Bureau of Investigation.

Received 17 Feb. 2008; and in revised form 30 July 2008; accepted 3
Aug. 2008.

J Forensic Sci, July 2009, Vol. 54, No. 4
doi: 10.1111/j.1556-4029.2009.01046.x

Available online at: www.blackwell-synergy.com

Journal compilation � 2009 American Academy of Forensic Sciences
810 No claim to original U.S. government works



and ⁄ or specific threshold value(s) employed by a laboratory. The
establishment and assessment of such operational elements are best
evaluated through requisite quality control measures developed
through well-designed validation studies. The procedures presented
below focus solely on nuclear DNA PCR-based short tandem
repeat (STR) loci analysis separated and detected on capillary elec-
trophoretic (CE) platforms (i.e., the current methodology in the
forensic DNA community).

Identification of Mixed Specimens

The determination of any DNA profile as a mixture first must
be based on an evaluation of the profile in its entirety. Some locus-
specific phenomena (e.g., stutter, peak height imbalance, tri-allelic
patterns, primer mismatches, and differential amplification, etc.)
may not permit conclusive allelic or genotype assignments at a
given locus or determining whether a locus presents as a single

source or a mixture. It would be unsound to focus only on a single
locus to the exclusion of the other loci in a profile to determine
whether a sample profile supports being a single source or a mix-
ture (or to conclude the minimum number of contributors). A DNA
profile is generally considered to be comprised of more than one
individual if three or more alleles are present at one or more loci
and ⁄or the peak height ratios between a single pair of allelic peaks
for one or more loci are below the empirically determined appro-
priate threshold for heterozygous peak height ratio(s). A laboratory
must define within its standard operating protocol (SOP) the spe-
cific elements necessary to make reliable allelic and nonallelic peak
assignments.

Threshold Values

The use of fluorescent based detection of PCR amplicons affords
the analyst quantitative information describing the signal profile (or
peaks) present in a given DNA fragment. This quantitative informa-
tion, expressed as relative fluorescent units (RFU), can be used to
establish peak height and ⁄ or peak area both of which provide
meaningful information for determining what are and what are not
interpretable signals. The establishment of thresholds based on fluo-
rescent signals is critical to the proper evaluation of STR typing
data because it formalizes the minimum criteria that a PCR product
must display for quantitative and ⁄ or qualitative evaluation. At a
minimum, a peak amplitude threshold (PAT) must be established
that operationally defines the minimum peak height in RFU that
confidently ascribes a true PCR amplicon peak and when confi-
dence is too low to reliably assign a peak as an allele. The PAT is
established to account for the well-recognized stochastic limitations
of PCR-based DNA typing systems and effectively sets the lowest
peak height value for which a laboratory will operationally treat an
instrumental response as the detection of a DNA fragment rather
than simple instrument noise. This is not to imply that a given
PAT is necessarily equal to the limit of detection (LOD) of an ana-
lytical system. While the LOD is the absolute minimal level of
analyte that can be expected to routinely result in a positive signal
from the analytical system, the PAT may represent a threshold
value greater than the LOD by some specified value (e.g., several
standard deviation units) to increase the confidence that any given
peak at or above this threshold is actually a PCR amplicon. The
PAT (of 50 RFUs) used in most U.S. forensic DNA Laboratories
is generally higher than the signal noise ratio, but is reasonable
given experience with stochastic effects during PCR and potential
DNA background levels.

Additionally, a laboratory must establish a match interpretation
threshold (MIT). This threshold is necessary for avoiding interpreta-
tion where the PCR product is too low such that potential stochas-
tic effects, due to limited template copies or inhibitors, may result
in allelic loss or nonreproducible results. The MIT establishes the
minimum peak height in RFU that all amplicon peaks at a given
locus (or loci) must display to confidently conclude that no genetic
components of the interpretive portion of a sample failed to be
detected due to the differential PCR amplification of a targeted
region(s) of a low copy number template, a degraded sample, or
PCR-inhibited sample. Low copy here refers to any sample with
too little DNA such that substantial stochastic effects will occur
during PCR; typically these are samples that contain 200 pg or less
DNA or are compromised in purity or quality. Not all components
of a DNA sample will be reliably reproduced when there are sub-
stantial stochastic effects during PCR, and this phenomenon will
impact on which loci in a profile will be interpreted and which
may be deemed inconclusive (see below). While steps can be taken

TABLE 1—Required elements for forensic laboratory protocols for mixture
interpretation.

Elements relating to mixture interpretation which require validation
by forensic laboratories

Distinguish true alleles from nonallelic peaks ⁄ artifacts
Stutter peaks
Minus A ()A) peaks
Pull-up peaks
Fluorescent spikes (seen in all four colors)
One color electronic noise peaks (one color spikes)
Off ladder alleles
Dye labeled artifacts

Define appropriate thresholds (where applicable)
PAT
MIT
Saturation ⁄ maximum

Determine appropriate peak height ratios for the following:
Maximum stutter peak height values for each locus
Peak height ratios for heterozygous alleles in a single source sample
Peak height ratios for determining major ⁄ minor contributors to a mixture

Additional terms which require defined usage
Probative sample
Intimate sample
Subtraction sample
Elimination sample
Match ⁄ inclusion
No match ⁄ exclusion
Inconclusive
Uninterpretable sample
Resolvable ⁄ distinguishable
Unresolvable ⁄ indistinguishable
Interpretation of question samples
Question samples must, where possible, be interpreted prior to any
comparison to known sample(s)

Criteria used to determine a sample is a mixture
Two or more alleles present at one or more loci
Peak height ratios of heterozygous alleles do not meet peak height ratio
values for apparent heterozygous alleles

Peaks in stutter positions that exceed stutter thresholds
Statistical analysis of mixtures
Laboratories must define the use of random match probability for
major ⁄ minor components of a mixture

Laboratories must define the use of Probability of Inclusion (PI), Probability
of Exclusion (PE) or Likelihood

Ratio (LR) for mixtures
Laboratories must define any deviations from their protocol before they
can be used

All assumptions must be stated and placed in the case file. They may
include the Known sample is expected to be present in a mixture and is
used in mixture deconvolution
Using peaks in the stutter position which fall below the stutter guidelines
for not excluding
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to maximize the total number of allelic peaks that meet or exceed
the MIT (e.g., amplification of a greater template mass) for a given
mixed sample, the peak heights of all allelic peaks at a given locus
may not exceed the MIT. In such situations where the comparison
interpretation is a failure to exclude, the possible stochastic loss of
allelic information is addressed in its associated forensic statistic(s)
assessment by not including any locus of a profile or component of
a profile with an allele that displays a peak height below the MIT
in the calculation. Because it is critical that these thresholds be
empirically evaluated and established within the laboratory, the
PAT and MIT may be implemented operationally as a single
threshold value or as two separate peak height thresholds based on
the data obtained from a laboratory’s own internal validation stud-
ies (to include low copy analyses). As an example on how to carry
out empirical studies see Moretti et al. (1,2).

Figures 1 and 2 display examples of mixed samples where the
use of the MIT and PAT impact on interpretation. In Fig. 1 there

is a major and a minor component observed in the profile (see
below for discussion of major and minor components). Assume the
scientist initially states that there is only one minor contributor to
the sample. Two alleles 14 and 19 are detected; they both have
peak heights above the PAT. Therefore, it seems reasonable that
the type of the minor contributor is 14,19. However, the 14 is
below the MIT. It falls within a region where stochastic effects dur-
ing the PCR are increased. In addition to being masked by the 16
or 17 peaks, it is possible that the 14 may be from a heterozygous
profile but its accompanying allele did not amplify and the 19 is
from a second minor contributor (of course after looking at all loci
in the profile, this scenario may or may not be supported). In this
scenario, part of the minor contributor alleles resides between the
PAT and MIT. Thus, the minor profile at this locus is not used for
increasing the power of the estimate of the rarity of the DNA evi-
dence. It does not mean that the evidence cannot be used to
exclude possible suspects. For example, if a suspect’s type is 19,20,
then he ⁄ she cannot be a contributor of the sample, and the interpre-
tation of the comparison is exclusion. Additionally, a 14,19 individ-
ual could not be excluded given the profile displayed in Fig. 1.
There is an alternate interpretational approach where the allele 19
is recorded and then all individuals carrying the 19 allele either as
a homozygote or as a heterozygote would not be excluded. Treat-
ing the interpretation in this manner certainly is conservative statis-
tically, but fails to exclude as many individuals as under the
assumption that 14,19 is the type of the minor contributor. Since
the 19 is above the stochastic level one can be assured that the sec-
ond allele did not drop out (barring primer binding site mutations
that affected amplification).

Alternatively, in Fig. 2a, there is only one minor allele (allele
19) detected and its peak height is above the MIT. Since no other
alleles are observed below the MIT and above the PAT, the profile
can be interpreted with the possible types of the minor contributor
being 19,19; 16,19; or 17,19. We recognize that there may seem to
be an inconsistency between the recommendation for interpretation
of the minor contributor profile in Fig. 1 and that for Fig. 2a.
Clearly allele 19 is above the MIT and can be reliably interpreted
in all three scenarios. Indeed, if one assumes only one minor con-
tributor (Fig. 1), then alleles 14 and 19 should derive from the
minor contributor. Yet, the minor contributor at this locus would
not be used in statistical weight calculations, based on the above
recommendation. If the scenario in Fig. 2b were a true situation
that a minor allele is masked by one of the major alleles and this
allele is below the MIT and above the PAT, it would be similar to
that presented in Fig. 1. However, we support using the minor pro-
file for statistical calculations in Fig. 2a, because all visible alleles
would be considered when interpreting the minor contributor (i.e.,
16,17,19). Alternatively, for the scenario in Fig. 2b a statistical
assessment could be made employing the 2p rule at the locus for
the minor contributor (3).

One could suggest that the different interpretations in Figs. 1 and
2 could be resolved and not be discordant by instituting only one
threshold value for both the PAT and MIT. While certainly a
defensible approach, it may not alleviate the issue demonstrated.
The two threshold approach recognizes that there is a region
between detection of DNA and the robust amplification of DNA,
i.e., the stochastic region. Using a single threshold does not allevi-
ate the stochastic issues; they will still occur. If a single threshold
is implemented that is similar to that of the PAT, it will still be
necessary to recognize that peaks above but near the threshold may
be subject to stochastic effects and policies will need to be devel-
oped for these profiles. If the single threshold is set higher and sim-
ilar to that of the MIT, then interpretation issues will still persist.

FIG. 1—Example of two person major and minor mixture profile. The
minor contributor has one allele above the PAT but below the MIT and
another allele above the MIT.

a

b

FIG. 2—Example of a two person major and minor profile. (a) Only one
allele is visible for the minor contributor and it is above the MIT. (b) A
hypothetical is displayed that the accompanying heterozygous allele on the
minor contributor is masked by a major component allele.
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If peaks at a locus are above and below the higher single threshold,
the laboratory will have to address what is deemed inconclusive or
conclusive. Thus a single threshold approach will not necessarily
eliminate the different results obtained for Figs. 1 and 2 when using
the PAT and MIT approach.

The interpretations in Fig. 2 also can be locus dependent. Con-
sider the locus FGA which tends to have the largest size amplicons
using the current commercial kits. Additionally, because of the
wide range of FGA alleles potentially greater effects of preferential
amplification can occur between heterozygous alleles. Thus, it is
possible that a large sized FGA allele could drop out when its
accompanying heterozygous smaller-sized allele is observed even
when there is no apparent effect of dropout at alleles at other loci
of similar peak heights. Therefore, one should be cautious when
interpreting the minor contributor profile at the FGA locus under
the scenario shown in Fig. 2. One could call the locus uninterpret-
able for the minor contributor when only one minor allele is seen.
Alternatively, the laboratory could develop a valid MIT through
validation studies such that allele drop out would not be a reason-
able interpretation. Or instead the minor contributor could be
assessed as carrying the 19 allele (as in Fig. 2), and thus a 19
homozygote or a 19 heterozygote with any other allele (typically
a larger sized allele) would not be excluded. All three approaches
are valid.

Allelic versus Nonallelic Peak Assignment

The PCR process (or any other enzymatic reaction) is not 100%
efficient. As a result, the criteria by which nonallelic peaks, such as
stutter and nontemplate directed adenylation, are recognized must
be based on internal validation studies. Also, those graphical peaks
due to instrumental limitations (e.g., matrix failure, spikes, pull-up)
or introduced into the process via one of the reagents (e.g., disasso-
ciated primer dye) should be defined. These features must be estab-
lished empirically under the same conditions by which forensic
casework is conducted. Otherwise, the descriptive information gen-
erated during validation may not comport with data observed in the
course of casework analysis.

Essential to an unbiased assessment of the potential allelic data
is making allelic peak assignments for the evidentiary profile(s)
prior to conducting any other interpretive or comparative part of
the analysis with a reference sample(s). Where possible, the profiles
obtained from the evidentiary sample(s) should be interpreted first,
then the following should occur: (i) the reference samples inter-
preted and their allele assignments made; and (ii) the comparisons
of the DNA typing results from an evidence item be made with
those from any reference sample(s). Thus, the allelic versus nonal-
lelic determinations for the evidentiary profile are not influenced
by any conscious or unconscious bias predicated on the DNA pro-
file of the reference specimen(s).

Tri-allelic Patterns

Three allele peaks, although uncommon, can be observed at a
locus in a profile and yet be from a single source. Tri-allelic pat-
terns generally present as either a triplet of peaks for which the
sum of two of the peaks equals the third (e.g., for the set of allelic
peaks 12, 13, and 14, the peak height of 12 is close to that of the
sum of the height of peaks 13 and 14) or as a triplet of balanced
peak heights. Occurrences of observed tri-allele patterns have been
documented at http://cstl.nist.gov/biotech/strbase/tri_tab.htm for all
thirteen core Combined DNA Index System (CODIS) STR loci. As
of April 3, 2008, 170 tri-allelic patterns had been reported with the

following numbers for the 13 CODIS core loci: D3S1358 (n = 6),
FGA (n = 22), vWA (n = 19), D8S1179 (n = 11), D21S11
(n = 19), D18S51 (n = 21), D5S818 (n = 4), D13S317 (n = 8),
D7S820 (n = 7), D16S539 (n = 8), TH01 (n = 1), TPOX (n = 15),
and CSF1PO (n = 7) (Note: the total sample size from which these
tri-allelic patterns were drawn is not known; so an estimate of their
frequency cannot be made with the data displayed at the website).

For profiles in which three allelic peaks are observed at only
one locus and no other loci indicate the presence of a mixture, a
single source origin would be the most probable interpretation.
Factors such as the number of loci in a profile that display such
patterns, and what, if any, other indications of a mixture are
present (i.e., heterozygous peak height imbalance) must be
considered. Tri-allelic patterns at a locus from a single source
occur infrequently. Therefore, the presence of two or more loci
presenting tri-allelic patterns should be given serious consideration
as a potential mixture. The conclusion that a three peak pattern
observed in an evidentiary specimen is a true tri-allelic condition
and not an indication of a mixed sample should be made on a
sample-by-sample basis.

While conclusions regarding the allelic nature of individual
peaks should be done prior to the interpretation of reference sam-
ples, the indication of a tri-allelic pattern (or other genetically based
variation such as a primer binding site mutation) in a reference
sample may support otherwise less likely interpretations of the pro-
file. Regardless, any conclusion made as to the inclusion or exclu-
sion of the reference individual as a potential source of the
evidence DNA should be based on the shared alleles between the
two profiles. In fact, the presence of a matching three allele pattern
at any locus is strong ancillary evidence that the two samples may
have originated from the same source. While the rarity of a match-
ing tri-allelic pattern within an otherwise determined single source
DNA profile has not been generally used by us to modify the ran-
dom match probability calculated for such an inclusion, one could
use the locus statistically based on the number of tri-allelic patterns
seen for the particular locus in a sample population data set (with
some sampling correction). Either approach would be acceptable.

Similar reasoning can be applied to mixed DNA profiles. For
example, a mixed sample that displays no more than four allelic
peaks at all of the loci of the multi-loci profile is most consistent
with having originated from two individuals. Given a mixed sample
that is consistent with having originated from a minimum of two
individuals at all loci except at one locus at which five allelic peaks
are observed, one possible interpretation is that the mixture origi-
nated from two individuals one of which displays a three peak pat-
tern at this locus. The presence of a matching reference profile that
shares a matching three peak pattern at this locus can not be
excluded as a source even if one were to proffer that possibly three
people may comprise the profile.

Reporting of Mixed Specimens

Estimation of the Minimum Number of Contributors

Once a specimen is determined to contain DNA from more than
one individual, the minimum number of DNA contributors to that
mixture should be estimated. A conclusion with regard to the mini-
mum number of contributors to a mixture can provide important
quantitative information that may help to convey something of the
general nature of the DNA typing results obtained from a given
sample. As such, a conclusion with respect to the minimum num-
ber of contributors to a mixture should be routinely included in a
report and should be used as a general statement to introduce the
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detection of a mixture for a given specimen. Generally, an estimate
of the minimum number of contributors is based on the locus that
exhibits the greatest number of allelic peaks. As an example, if at
most five alleles are detected at one or more loci of a multi-loci
profile, the DNA typing results are consistent with having arisen
from three or more individuals (although a tri-allelic pattern could
be present infrequently). A statement that conveys this observation
may be:

The STR typing result for specimen Q1 is a mixture of DNA
from three or more individuals.

or

The STR typing results for specimen Q1 indicate the presence of
DNA from at least three individuals.

One caveat to this strategy is the following scenario: a mixed
profile possesses five alleles at only one locus and there are no
more than four alleles at all other loci. Two hypotheses may be
considered: (i) the profile is comprised of at least three contribu-
tors; or (ii) the five allele pattern is the result of a two person con-
tribution and one of the contributors carries a three allele profile.
This is not common. But if it is a consideration, then one could
institute a policy that five alleles must be observed at two loci
before issuing the above statements. Regardless, these interpreta-
tions should be described in the interpretation guidelines. An esti-
mation of the minimum number of contributors to a mixture should
not be construed as designation of an absolute number of individu-
als that must have contributed to a mixed specimen. Additionally,
it does not imply that a mixture of three individuals could not pos-
sibly appear to be a mixture comprised of only two individuals
(i.e., have at most four allelic peaks at all loci). While the true
number of contributors to a mixture can be made with high proba-
bility, a conclusive determination can not be made of the number
of contributors to the profile. Rather, this estimation is provided to
describe the fewest number of individuals who must have contrib-
uted to a mixture. Well-established statistical calculations for mix-
tures (see below) subsequently can accommodate the uncertainty in
the absolute number of contributors.

For multiplex systems that include the amelogenin sex-typing
locus, a profile comprised of more than one individual based on
the STR typing results can be concluded to contain male DNA if
the sample exhibits (i) both an ‘‘X’’ and a ‘‘Y’’ allelic peak at or
above the empirically established PAT; (ii) only a ‘‘Y’’ allelic peak
at or above the PAT; (iii) is positive using a Y chromosome (male)
specific quantitation assay; or (iv) is positive for Y STR loci. An
example statement can be:

Based on the typing results from the amelogenin locus (for sex
determination), male DNA is present in the DNA obtained from
specimen Q1.

or

The DNA profile from specimen Q1 is a mixture of DNA from
at least two individuals. The amelogenin result indicates that at
least one of these individuals is male.

A mixed DNA profile that exhibits an ‘‘X’’ allelic peak above
the MIT and the absence of a ‘‘Y’’ allelic peak in many cases can
be concluded to be consistent with the presence of female DNA. A
statement can be:

Based on the typing results from the amelogenin locus (for sex
determination), female DNA is present in the DNA obtained from
specimen Q1.

Confidence is greater in the above gender inferences in mixtures
when predicated on the presence of a Y amelogenin peak. The Y
amelogenin region may not amplify during the PCR in a low per-
centage of males due to deletions or primer binding site mutations
(4–6). The same could occur for the X homologous region,
although the likelihood of drop out may be lower. While inferences
for the presence of male and female contributors are most reliably
made when a Y peak is detected, there may be some situations
with null Y amelogenin male profiles that can be interpreted as
male in origin. Consider a differential extraction of sexual assault
evidence where two profiles are obtained—one in the female frac-
tion and a different one in the male fraction—and neither demon-
strates a Y peak. It may be inferred that the profile from the male
fraction is likely to be male in origin and null for the amelogenin
Y peak. Follow up analyses with Y STRs or a Y specific quantita-
tion assay could confirm that the profile is from a male donor.

Conclusions concerning the number of contributors to a mixed
specimen based solely on the relative peak heights of the amelo-
genin ‘‘X’’ and ⁄or ‘‘Y’’ allelic peak are at best limited. The assign-
ment of sex type to individual contributors to a mixture might be
made in some two person mixtures such as: (i) one contributor is
male and one is female and the female contributor is unequivocally
a major component and the male is a minor component; and (ii)
where both contributors are of the same gender, particularly if they
are females. Should such determinations be made, the assumptions
and justifications necessary for conclusions to be rendered must be
defined in the SOP to ensure uniform application of such interpre-
tive elements across analysts in the same laboratory and docu-
mented in the case notes or report. Additional methodologies, such
as Y STR typing, may be useful for rendering conclusions concern-
ing the number of contributors and ⁄ or sex typing of individual con-
tributors to a mixture.

Types of Interpretable Mixtures

Resolving Components of a Mixture

A resolvable (or distinguishable) mixture is a DNA typing result
from a mixed sample for which alleles can be attributed to a single
source(s). This is possible when differing amounts of DNA are
donated to the specimen typically by two individuals, thus resulting
in major and minor contributions (Fig. 3). All loci for which DNA
typing results are obtained (to include the amelogenin locus) must
be considered in distinguishing contributors. However, an interpre-
tation of the STR typing results as resolvable (for the major or
minor contributors of a mixture) may be limited to only some loci.

Elements within a SOP should describe the criteria for defining
what constitutes a major and ⁄ or minor contributor in a mixed spec-
imen, and these criteria should be based on the data from internal
laboratory validation studies. At a minimum, locus peak height
ratios (PHR) should be defined to assign alleles to a major and ⁄ or
minor contributor type(s). The PHR thresholds may be established

FIG. 3—Example of a resolvable two person mixture.
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as (i) a single empirically determined value, (ii) a series of locus-
specific values, (iii) a series of peak height dependent values, or
(iv) a series of locus-specific values across multiple peak height
ranges. Typically, empirically established PHR threshold values
range from 60% to 70%. At a locus for which a contributor is
deemed to be heterozygous, the alleles attributable to that contribu-
tor must be the only pair of peaks present that meet allelic PHR
value at that locus. If the contributor is deemed to be homozygous
at a locus, then that allelic peak, displaying the greater(est) peak
height, cannot be accompanied by another peak that meets the
PHR threshold value, if no additive effects can explain the height
of that peak.

Due to the possibility that the minor contributor’s alleles may be
masked by the major contributor at some loci and thus such alleles
may not be detectable, deconvolution of the minor contributor pro-
file to a single source may be possible at only those loci where het-
erozygote alleles are unequivocal or quantitation data support only
one possible profile for that contributor.

Unresolvable ⁄ Indistinguishable Mixtures

An unresolvable (or indistinguishable) mixture is a DNA typing
result for which the alleles detected cannot be attributed unequivo-
cally to a single source(s). This usually occurs when similar
amounts of DNA are contributed to the specimen by multiple
donors (Fig. 4) (or as described above for a minor contributor) and
at least one of the profiles cannot be attributed to a known donor,
e.g., from the epithelial fraction of a vaginal swab (see below on
subtracting profiles). Such unresolvable mixtures may reside within
different categories of contributors (that may be present within a
single locus or a profile). Those mixtures for which predominant
and ⁄ or minor components can be identified may have unresolvable
contributors at the major contribution, the minor contribution, or
both. For example, for a locus at which the alleles 9,10,11,12,13 are
detected with respective peak heights of 1000, 900, 1200, 950, and
200 RFU, the alleles can be segregated into two groupings (Fig. 5).

This separation of alleles 9,10,11, and 12 into one group—major
component—is warranted since the PHR threshold is met for all
allelic peaks at or near 1000 RFU (to include the allelic pair 10,11
[75%], which is the pairing of the major component alleles that
displays the greatest difference in peak heights). These four alleles
are from at least two contributors and they constitute an
unresolvable mixture. Because of allelic masking, the most that can
be determined with respect to the minor contribution is that allele
13 is an obligate minor contributor allele. For this example allele 13
has a peak height above the MIT; therefore the minor contributor
may be homozygous for allele 13 or heterozygous in combination
with any of the other visible alleles 9,10,11,12. The most plausible
explanation for the number of minor contributors should be based
on the data at all loci comprising the profile and in some complex
mixtures it may not even be possible to determine this.

While every effort should be made to reliably draw typing infor-
mation from mixed samples, some mixtures, after having been sub-
jected to the interpretation strategies described above, may not lend
themselves to interpretation using a laboratory’s prescribed proce-
dures. Although not always, these tend to be three or more person
mixtures where quantitative deconvolution becomes more complex.
The weight of these complex mixtures can be assessed by estimat-
ing the Probability of Exclusion or Inclusion or with consideration
of the number of contributors (when possible) by the likelihood
ratio (see below). Alternatively, at times and depending on the
complexity, such mixtures may yield DNA typing information only
for exclusionary purposes; they should then not be used for inclu-
sionary ⁄ statistical assessments. An example statement can be:

The STR typing results for specimen Q1 indicate the presence of
DNA from three or more individuals. The DNA profile obtained
from specimen Q1 does not satisfy the Laboratory’s inclusionary
reporting criteria and therefore may be utilized only for exclusion-
ary purposes. Based upon the STR typing results, specimen K1 is
excluded as a potential contributor to the mixture of DNA obtained
from specimen Q1.

Deduced Single Source Profiles from Mixtures

An evidence item taken directly from an identified anatomical
location (e.g., vaginal swab, oral swab, fingernail clippings, etc.)
and ⁄or a piece of intimate apparel (i.e., undershirts, panties, bra,
etc.) typically will yield DNA from the individual from which the
evidence item was taken. In such circumstances, any DNA typing
results that are consistent with the individual of origin reasonably
can be subtracted from the mixed profile to attempt to further
deduce the profile (or obligate alleles) of other contributors. Where
possible, those sample types from which known contributor profile
information can be subtracted should be defined within the SOP
and documented in case notes and the report to promote uniform
treatment of such items among forensic scientists within the same
laboratory. For example, consider a vaginal swab (submitted as evi-
dence as part of a sexual assault kit) with a mixture result of alleles
12,14,15,19 at a locus (Fig. 6) and consistent with a two person
mixture. If alleles 12 and 14 are attributed to the victim, they can
be subtracted from the mixture result, thus leaving the 15,19 alleles
to be assigned to the unknown individual. If sharing of alleles
between the known donor and another individual is possible, any
designation of the unknown individual’s alleles at a given locus
must be based on supportable quantitative differences in peak
heights due to the potential additive effects of shared allelic peaks;
otherwise only obligate alleles can be unequivocally assigned to the
unknown contributor. For example, consider a vaginal swab and

FIG. 4—Example of an unresolvable two person mixture.

FIG. 5—An example of an at least three person mixture. Alleles 9,10,11,
and 12 are part of the major component and allele 13 is part of the minor
component. Resolving the two components is possible because the amount
of DNA is in the robust range of the assay.
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the alleles 12,13,14 at a locus with respective peak heights of
1800, 2000, and 200 RFU, which are all above the MIT (Fig. 7). If
the DNA typing results from the victim’s reference sample are
12,13 then the 14 allele is definitively assigned to the unknown
contributor. The possible types for the unknown contributor to this
mixture are either 12,14; 13,14; or 14,14. The genotype for the
unknown contributor cannot be further deduced at this locus.

This subtraction approach also can be used when another known
individual can be reasonably expected to have contributed biologi-
cal material to the mixed specimen (e.g., consensual sex partners,
etc.). For such elimination samples, the accounting strategies given
for the subtraction of the DNA typing results also may be applied
where possible (to both the victim and consensual individual).
Additionally, a similar approach can be applied to evidentiary items
from which DNA is isolated by a differential extraction. Because a
differential extraction procedurally divides an individual sample
into the sperm (male) and epithelial (female) fractions, the account-
ing strategies given may be applied to a mixed result obtained from
either the female and ⁄or male fractions. In such situations, the sin-
gle source or major contributor typing results from one fraction
(i.e., male or female) can be used to deduce information from its
complementary fraction.

There may be scenarios not described herein where subtraction
is legitimate for determining obligate foreign alleles. If subtraction
is used, the assumptions and reasons justifying the use of the
approach must be described and documented.

Considerations in Evaluating Mixtures

Additive Effects of Allele Sharing

The ability to assess a given mixture (i.e., deduce a single
source profile from an intimate item, deconvolute a resolvable ⁄ dis-
tinguishable mixture, or determine the potential contributing

genotypes to an unresolvable ⁄ indistinguishable mixture) diminishes
as the number of contributors to a mixture increases. The greater
the number of contributors to a mixture, the more allelic overlap is
expected across a mixture due to the sharing of alleles among con-
tributors. This sharing is expected given the allele frequency distri-
butions of particularly common alleles in the population for the 13
CODIS STR loci.

The consequence of this sharing is that an allelic peak in a
mixture may be from multiple copies of an allele from various
donors (i.e., multi-copy allelic peak) as opposed to two copies
from a single source homozygote or a single copy contribution
from a part heterozygote of a single contributor. Because in such
situations the specific contribution from each individual contribu-
tor cannot be determined reliably, allelic attributions must be
based on the relative peak heights observed across all of the alle-
lic peaks detected. This is generally done by accounting strategies
that rely on legitimate simple subtractions of suspected single-
copy allelic peak heights from the heights of possible multiple-
copy allelic peaks.

Multiple single-copy peaks may or may not have recognizable
corresponding heterozygous partner alleles contained within a
potential multiple-copy allelic peak at a locus. For example, con-
sider a mixed single locus profile of 15,16,19 with corresponding
peak heights of 300, 650, and 375 RFU (Fig. 8). Given a minimum
of two contributors, application of PHR expectations would be
consistent with a homozygous contributor of 16,16 mixed together
with a heterozygous 15,19 individual. However, application of sim-
ple peak height quantitation would also yield the possibility of a
mixed specimen consistent with being from two heterozygous indi-
viduals 15,16 and 16,19, respectively.

While the strategy of deconvolving the above example into
two possible scenarios can explain the evidence, as the number
of contributors to a mixture increases (thus increasing the number
of allelic copies possibly represented in an allelic peak of poten-
tial multiple-copy origin), applicability quickly is lost for assign-
ing specific genotypes either directly or indirectly through
subtraction (i.e., assembling a contributor based on allelic infor-
mation not assigned [directly] to other contributors). This loss of
effectiveness is in part due to the result of the slightly unequal
amplification of two allelic peaks of a heterozygous profile in
any PCR (generally 60–70% or higher with appropriate PCR tem-
plate quantity). As the number of possible allelic copies increases
in a multi-copy allelic peak, the uncertainty surrounding the peak
height contribution of any individual partner allele of a specific
heterozygous profile is confounded by the uncertainty associated
with amplification of the other partner alleles contributing to that
peak.

The point here is that technology does have limitations and
over-interpretation should be avoided.

FIG. 8—An example of a two person mixture where quantitative data sup-
ports only two reasonable mixture possibilities.

FIG. 6—An example of a two person mixture that is resolvable because
the victim’s alleles (12,14) can be subtracted from the profile. The black
peaks (15,19) are resolved as a single source component from the unknown
contributor.

FIG. 7—An example of a two person mixture where the probative portion
is that of the minor contributor. The major alleles (12,13) can be sub-
tracted. Allele 14 is an obligate allele that may be from a contributor of the
types 14,14; 12,14; or 13,14.
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Stutter Peaks versus Potential Minor Contributor Alleles

Most nonallelic products occur at low levels and thus present as
peaks of low height. Stutter peaks, observed at all of the forensi-
cally employed STR loci, are the most prevalent of the nonallelic
products. They typically are one repeat smaller in size than their
true parent allele products and generally are 5–20% of the peak
height of the parent allelic peak. While not problematic for inter-
pretation of a single source profile, stutter peaks can complicate the
interpretation of mixture profiles in those situations where a minor
contributor’s allelic peaks are of similar heights to that of stutter
peaks.

For mixtures in which minor contributor allele peaks are similar
in height to that of the stutter peaks, a peak in a stutter position
may be (i) only a stutter peak, (ii) only an allelic peak, or (iii)
overlapping allelic and stutter peaks. Resolving these three possible
scenarios is based principally on the height of the peak in the stut-
ter position, its relationship to the stutter percentage thresholds
established through internal validation studies, and the peak heights
of a minor contributor(s). On average for a heterozygote pair of
alleles, the smaller allele tends to have a greater peak height than
the larger allele, although not always. However for the stutter
peaks, the percent stutter increases with increasing allele length (7–
10), and thus may complicate interpretive additive affects of stutter
and an allele. If a peak at a stutter position has a peak height
exceeding the stutter threshold (and the allele peaks are in the lin-
ear response range of the analytical system), that peak should be
designated as an allele. However, it is possible that a peak at the
stutter position can exceed the stutter peak height threshold and still
be only stutter (either as an attribute of that allele or due to signal
saturation or stochastic effects). Confidence in assigning the peak
as an allele increases as the peak height increases beyond the stut-
ter threshold. If a peak is at or below the stutter threshold, it may
be designated a stutter peak; however, the peak should also be con-
sidered as a possible allelic peak that may have arisen from the
minor contributor, if the minor contributor peaks have similar peak
heights. Should a peak in a stutter peak position meet the stutter
threshold, but be concluded to be an allelic peak, all stutter peaks
must then be treated as potential allelic peaks (Fig. 9). An excep-
tion would be where the stated assumption is that there is only one
minor contributor and a heterozygous pattern can be unequivocally
assigned to the minor contributor (Fig. 10). Treating stutter peaks
as potential alleles in this circumstance reduces the potential of
analyst bias by not allowing the typing results obtained from the
reference sample(s) to have an impact on the interpretation of stut-
ter versus allele. Additionally, considering all potential stutter peaks
in the same manner on a per comparison basis (regardless of the
number of references samples being compared at the same or

different times) ensures that all statistical estimates rendered are
conditioned on the DNA typing results obtained from the evidence
and that they are not modified by the DNA types of the reference
samples.

Not all stutter peaks and minor contributor scenarios would fall
under the above discussion. The above discussion focused on situa-
tions where the peak heights are relatively close to the MIT thresh-
old. For situations where there is ample signal such that the
stochastic effects on stutter and minor contributor allele peaks are
less of an impact (i.e., the robust range of the assay), then quantita-
tive data can be used to eliminate peaks that would be solely stut-
ter. For example, consider a locus profile with five peaks of which
alleles 15 and 19 have RFU around 5000 and thus are from one
major contributor (i.e., interpreted as a single source) (Fig. 11). The
three minor peaks ‘‘14,16,18’’ have peak heights around 500 RFU.
The 16 allele is an obligate minor contributor allele. Assume here
only one minor contributor for this example. Because the peak
heights are in the robust range of the assay, it is unlikely that
alleles 14 and 18 are stutter plus an allele. The most plausible inter-
pretation is that alleles 14 and 18 are solely stutter. The minor con-
tributor can be 16,16; 15,16; or 16,19.

Comparison with Reference Specimens

Based on a forensic comparison between an evidentiary mixed
specimen and a reference sample, three possible conclusions can be
reached: exclusion, inclusion, or inconclusive. An SOP must con-
tain definitions of these potential conclusions and descriptions of
the data that must be present in support of any one of these
conclusions.

Generally, upon comparison of the DNA profile obtained from a
reference specimen with that from a mixed specimen, an exclusion
is declared when the reference specimen has alleles that are not
observed in the evidence and these unobserved alleles cannot be

FIG. 9—An example of an at least two person mixture with a single
source major component. The minor contributor is positive for allele 16 and
because of its peak height alleles at the stutter positions (14 and 18) also
may be considered as possible minor contributor alleles.

FIG. 10—An example of an at least two person mixture with a single
source major component. The minor contributor is positive for allele 16 and
21. Under the assumption of a single minor contributor, the peaks at the
stutter positions (14 and 18) are not considered as possible minor contribu-
tor alleles.

FIG. 11—An example of an at least two person mixture with a single
source major component. The minor contributor is positive for allele 16.
The peak height of allele 16 is similar to stutter position peaks (14 and 18).
But because the peak heights are in the robust range of the assay, the stut-
ter peaks may not have to be considered as possible minor alleles.
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due to degradation within the evidence sample. Simply, the known
individual cannot be a part contributor of the mixed profile. An
exclusionary conclusion can be stated as follows:

Based on the STR typing results, the source of specimen K1 is
excluded as a potential contributor to the mixture of DNA obtained
from specimen Q1.

In contrast, an inclusion is declared when the genetic results
obtained from a mixture is such that the reference sample(s) can
not be excluded as a part contributor(s) of the mixed profile. In
other words, barring degradation or signal loss, all the alleles
observed in the reference sample are identified as part of the mixed
profile. Such a conclusion is based both on qualitative (i.e., simple
presence or absence of alleles) and quantitatively derived possible
genotypes at specified loci of the evidence of which the reference
profiles share. The assessment should include the formation of
potential genotypes for major ⁄ minor components using established
heterozygous PHR values. For example, a locus displays the alleles
8,10,11,12 with respective peak heights of 200, 2500, 2230, and
180 RFU (Fig. 12). The contributing genotypes for a two person
mixture would be 8,12 and 10,11. Then when comparing a sus-
pect’s profile, an individual with the genotypes 8,10; 8,11; 10,12;
and 11,12 could be reasonably expected to be excluded as a con-
tributor of the evidence profile.

While it may not always be possible to determine the specific
genotypes at a locus for a given mixture, a simple comparison
based on the alleles present in a mixture can be expected to be pos-
sible for most mixtures for which allelic results are obtained. As an
example, consider the mixed profile (Fig. 13) in which (i) a mini-
mum of two individuals is indicated based on the number of allelic
peaks present and (ii) based on an established heterozygous PHR
threshold these results are consistent with a single homozygous

major contributor and at least two minor contributors. However,
another possibility is that there are three contributors and the high-
est peak is a composite of three doses of an allele shared by all
three contributors. The three contributors all could be heterozygous
with the following types: 17,19; 17,21; 17,22. In this case, all indi-
viduals that can be part contributors to this mixed profile cannot be
excluded (to include many other genotypes not described above).
Of course other loci for the mixed profile might assist in supporting
a general interpretation of which scenario is favored.

Alternatively, consider the profile (Fig. 14) in which (i) based on
the number of allelic peaks, a minimum of two individuals is sup-
ported and (ii) based on PHR values, these results are consistent
with a single heterozygous major contributor and a heterozygous
minor contributor. Assuming a two person mixture scenario, the
major contributor can be treated as a single source sample. With
respect to the minor contributor, this locus is not used for statistical
purposes because one of the potential alleles is below the MIT
(even though alleles 19 and 22 reasonably explain the minor con-
tributor as being a heterozygote). While not generally used by our
laboratories, alternatively, it is defensible to use allele 19 and not
allele 22 for a statistical assessment and employ the 2p rule at the
locus for the minor contributor (3). An inconclusive call can be
divided into two categories: (i) those profiles that are unsuitable for
comparison (other than for exculpatory purposes); and (ii) an inter-
pretation where the profile or portion of a profile is not used for
statistical purposes such as for any locus of an indistinguishable
mixture when any potentially attributable allele to a single contribu-
tor(s) is below the empirically established MIT.

For an indistinguishable mixture, all allelic peaks for all possible
contributors are considered collectively for purposes of determining
the loci to be used subsequently for statistical purposes. If any alle-
lic peaks, at a locus in which a major component cannot be distin-
guished (such as equal contributions from two donors) and one or
more allele peak heights are less than the MIT, the locus is not
used for statistical purposes (alleles that fall below the PAT are
inconclusive for interpretation or can be considered negative). For
example, at a given locus, the MIT is 150 RFU and alleles
12,13,14,15 with peak heights 140, 160, 155, 165, respectively, are
detected (Fig. 15). The locus is not used for assessing statistical
weight of the evidence, and the alleles could be used only for
exclusionary purposes. Consider a comparison of the two reference
samples 12,13 and 14,15 with the 12,13,14,15. Neither reference
specimen could be excluded but this locus would not be used for
performing a mixture statistics calculation. In such an indistinguish-
able mixture, if all loci exhibit one or more allelic peaks that are
less than the MIT, then no statistical calculations are made for the
profile. A general statement that describes the reason for no appli-
cation of statistics or no inclusionary result should be included in
the report:

FIG. 12—Example of a resolvable two person mixture. Only certain
genetic profiles can be included: 10,11 for the major contributor and 8,12
for the minor contributor.

FIG. 13—An example of an at least two person mixture, based on the
presence of only four alleles. However, using quantitative information an
interpretation of an at least three person mixture is supported.

FIG. 14—Example of two person major and minor mixture profile. The
minor contributor (19,22) has one allele of the PAT but below the MIT.
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The DNA profile obtained from specimen Q1 does not satisfy
the Laboratory’s inclusionary reporting criteria and therefore may
be utilized only for exclusionary purposes. Based upon the STR
typing results, specimen K1 is excluded.

or

The DNA profile obtained for specimen Q1 does not satisfy the
Laboratory’s inclusionary reporting criteria and therefore may be
utilized only for exclusionary purposes. These results will be main-
tained by the Laboratory for possible future comparisons.

Now, consider a mixed profile (similar to Fig. 14 but instead all
peak heights are around the MIT) in which (i) based on the number
of allelic peaks present a minimum of two individuals is supported
and (ii) based on heterozygous peak height values these results are
consistent with two heterozygous contributors. Assuming a mini-
mum of a two person scenario based on all loci in the profile, a
reference specimen observed to contain an allele not detected in
this result could be excluded as a potential contributor to this
mixture.

Consider the mixture results for three loci where amplicon size
increases from left to right (Fig. 16). Based on the general amplifi-
cation efficiencies attributed to low copy templates and possible
degradation or amplification efficiency, the potential loss of a
minor contributor’s alleles at the largest locus in this series (the
right hand portion) would have to be considered together with the
possibility that the minor contributor’s alleles are masked at this
locus. In this scenario, there is only one minor contributor
observed. At locus D3S1358 alleles 12 and 13 are from the minor
contributor, and thus the minor contributor is a 12,13 heterozygote.
At the vWA locus allele 19 is an obligate allele from the minor
contributor who can be either a 19,19 homozygote or a 17,19 or
18,19 heterozygote. At the FGA locus alleles 26 and 28 are pres-
ent. The minor contributor alleles are either masked by alleles 26
and ⁄ or 28 or reasonably the alleles of the minor contributor may
have dropped out. Because both possibilities must be entertained
when interpreting the evidence profile, the FGA locus should be
considered inconclusive before any comparisons are made. A con-
clusion can be:

The STR typing results for specimen Q1 indicate the presence of
DNA from two or more individuals. It is noted that the sources of
specimen K1 and K2 cannot be excluded as potential contributors
of the major (and minor) component of the DNA obtained from
specimen Q1.

Under the scenario in Fig. 16 described above, the minor con-
tributor was the probative profile. In contrast, if the major compo-
nent was the probative part of the profile, then the FGA locus
could be used and the major contributor would be interpreted the
same as a single source profile.

Conversely, given the profile in Fig. 17, the minor contributor
alleles are unequivocally identified at the FGA locus. At the
D3S1358 locus only two alleles are observed—12 and 13. In this
scenario, the most plausible interpretation is that the minor contrib-
utor alleles at locus D3S1358 are masked, and the type of the
minor contributor can only be a 12,12; 12,13; or 13,13. A reference
sample containing other alleles at the D3S1358, say an 8,9 type
would be excluded as a part contributor of the evidence profile.
Allele dropout due to degradation does not increase from large to
small size amplicons; therefore it is entirely reasonable to interpret
the profile as suggested.

Calculation of Probability of Inclusion ⁄Probability of

Exclusion

Once a suspect’s reference profile is compared with a mixture
profile and an interpretation of inclusion is obtained, then the sig-
nificance of the evidence needs to be conveyed to the fact finder.
There are two approaches available for rendering an estimate (11).
One approach, the probability of exclusion (PE), conveys how often
a random person would be excluded as a part contributor of an
observed mixture. In the strictest application of the PE, the calcula-
tion is based on the alleles in the mixture with no consideration of
quantitative data (thus all possible genotypes that could be part
contributions to the mixture). The PE does not require any assump-
tions or estimates of the number of contributors that comprise the
mixture. Other than the requisite that the suspect (or in some cases
the victim) cannot be excluded, the profile of the suspect is not
considered in the calculation. The calculation of the PE is straight-
forward (12). Essentially, the sum of the frequencies of the alleles
present in the mixture is pi. Then, 1 ) pi = pe where pe is the sum
of the frequencies of the alleles not observed in the mixed profile.
Using the binomial expansion, either of the following formulas can
be used to calculate the PE

1� p2
i

2pipeþp2
e

FIG. 16—Example of two person major and minor mixture profile with
fluorescent signal (i.e., peak heights) decreasing from smallest sized locus
to the largest sized locus. The minor contributor (black peaks) may have
dropped out in the FGA locus.

FIG. 17—Example of two person major and minor mixture profile with
fluorescent signal (i.e., peak heights) with no evidence of signal loss from
smallest sized locus to the largest sized locus. The minor contributor (black
peaks) alleles at the D3S1358 locus can only be 12 and ⁄ or 13. Allele drop-
out is not a plausible explanation for minor contributor alleles in this
profile.

FIG. 15—Example of an unresolvable two person mixture with one allele
having a peak height less than the MIT.

BUDOWLE ET AL. • MIXTURE INTERPRETATION GUIDELINES 819



For a distinguishable mixed specimen with an interpretable major
and ⁄or minor contributor or a derived profile (i.e., a mixed sample
from which the allelic information from the specimen source is
considered to facilitate identification of the unknown allele profile),
a combined multi-locus random match probability calculation
should be performed for the major contributor in accordance with a
laboratory’s established procedures for single source profiles and
where possible for the minor contributor.

For an indistinguishable mixture, the PE calculation is more
appropriate than the single source calculation. All of the alleles at a
locus (or subset of alleles if separated into components) must meet
the MIT, or that locus can not be included as a part of the PE mix-
ture calculation. If any allele in a mixed specimen is below the
MIT, except if major and ⁄ or minor contributions are being
declared, that locus must not be used for statistical purposes; how-
ever, it should be used for exclusionary purposes where possible.

The other statistical approach, the likelihood ratio (LR), provides
statistical support for postulated hypotheses on the origin of the
mixture by comparing the probabilities of a given observation
under the two different hypotheses. For the two (mutually exclu-
sive) hypotheses, say H1 and H2, the LR is the ratio of probabilities
of observing the same data under H1 and H2, giving

LR ¼ Prob:ðData=H1Þ=Prob:ðData=H2Þ

When the LR <1, the DNA data are less well supported by H1,
compared with H2; when the LR = 1, the DNA data are equally
well supported by H1 and H2; and when the LR >1, the DNA
data are better supported by H1, compared with H2.

For example, H1 may be that the two identified suspects are the
sources of the mixture and all their alleles explain all the alleles
that comprise the mixture. In contrast, H2 may be that the two
identified suspects are not the sources of the mixture and two
unknown unrelated individuals are the source. Under this scenario
the probability of the evidence given H1 is 1 and the probability of
the evidence given H2 essentially is the probability of inclusion
under a prescribed number of contributors. While the formal logic
for calculating the LR is provided elsewhere (13), we stress that
every effort should be made to provide the best estimate of the
number of contributors. It is not in the best interest of the defense
to suggest unreasonable number of contributors; usually this will
increase the LR favoring the prosecution’s position.

Even with the simplistic and less powerful analysis provided by
the PE (compared with the LR), there are situations where addi-
tional clarification is needed. One is where some loci present as
distinguishable and some present as indistinguishable mixtures.
Thus, some loci may be able to be deconvolved into single source
loci and some may not. When such occurs, to follow the strict
approach for calculating the PE, it is not recommended to combine
single source and mixture calculations for estimating the rarity of
the mixture profile. Primarily, we are concerned that such a com-
bined calculation could be construed as a simple combined multi-
locus random match probability (i.e., a quantitative deconvolution
of the entire profile into single source loci). Also, if a single source
profile were heterozygous at a locus (for example a 17,20 type)
and treated as such, it would only consider the one genotype. How-
ever, under the PE a homozygous 17 and homozygous 20 should
be added to the calculation. Consider a mixture profile where it is
possible to deconvolve the two person mixture at four loci and at
nine loci the mixtures are indistinguishable. Single source calcula-
tions should be done for the four loci and the PE can be calculated
for the 13 loci. The estimate that is rarer can be reported. There
may be other statistical approaches for such composite single

source and indistinguishable mixed profiles that we have not con-
sidered; we raise the issue and present one approach so that the
community is aware of potential ambiguities.

Full Accounting of Allelic Data

Mixed specimens for which multiple reference specimens are
included as potential contributors should be evaluated for whether
or not all of the DNA typing results obtained from the mixed spec-
imen are accounted for by the multiple matching references sam-
ples. When such a full accounting is made, the analyst can provide
this observation in the report. An example statement is:

The STR typing results for specimen Q1 indicate the presence of
DNA from at least two individuals. The sources of specimens K1
and K2 cannot be excluded as potential contributors to this mixture.
It is noted that the sources of K1 and K2 can account for all of the
DNA typing results obtained from specimen Q1.

A full accounting of the alleles observed in a mixture conveys
that a mixture displays a minimum number of individuals and that
the individuals found to be included contributors of the mixture do,
in fact, account for all of the allelic information obtained from the
mixture. In this way this mixture is one for which a set of known
individuals has been identified whose DNA profiles combined
would yield the results obtained from an evidentiary sample. How-
ever, it is important to note that this statement does not imply that
because these matching individuals can account for all of the
results obtained from a mixed sample, that they, by extension, can
be the only two individuals who could do so. Care must be taken
not to portray such a result as being an establishment of source
attribution. Proper statistical calculations should be provided that
are commensurate with the results obtained.

Conclusions

A standardized mixture interpretation protocol is not recom-
mended or possible. There are myriad ways that mixed profiles
may present and all possibilities could never be prescribed. Addi-
tionally, protocols may be developed that have different degrees of
conservatism and this should not be construed as disagreement
within the field. However, the aspects of mixture interpretation
described herein should be considered as requisites to be included
in any documented mixture interpretation guidelines. Thus, any
qualified forensic scientist would be able to understand the process
that is advocated within a laboratory and to evaluate any specific
case interpretation for its validity.

The ISFG recommendations (14) gave some basic considerations
for mixture interpretation. We provide more guidance to consider
for establishing mixture interpretation guidelines. Gill et al. (15)
recently addressed some of the same aspects of mixture interpreta-
tions that are provided herein in response for clarification of the
ISFG recommendations. In general we agree with the recommenda-
tions of Gill et al. that are: (i) when possible peak height ⁄ area
should be included in mixture interpretation; (ii) stutter position
peaks at similar peak height ⁄ area as that of obligate minor contrib-
utor alleles should be considered as potential alleles in the interpre-
tation and statistics calculation; and (iii) a stochastic threshold
(termed ‘‘dropout threshold’’) should be defined.

Gill et al also recognized that the Probability of Inclusion
(termed ‘‘RMNE’’), which is 1 – PE, is a recognized and advocated
statistical method, and we concur. They also recommend that even
if the LR is not used, the calculation should be included in case
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notes and advise the court of the LR results. We support that foren-
sic scientists should be trained to calculate either statistical
approach; but do not support that the LR is a preferred method that
must be captured in the notes. It is clear that the significance of
some mixtures may not be easily calculated using the LR, such as
some mixtures with three or more contributors. Instead we support
the position of the DAB (11): ‘‘Rarely is there only one statistical
approach to interpret and explain the evidence. The choice of
approach is affected by the philosophy and experience of the user,
the legal system, the practicality of the approach, the question(s)
posed, available data, and ⁄ or assumptions. For forensic applications,
it is important that the statistical conclusions be conveyed meaning-
fully. Simplistic or less rigorous approaches are often sought. Fre-
quently, calculations such as the random match probability and
probability of exclusion convey to the trier of fact the probative
value of the evidence in a straightforward fashion. Simplified
approaches are appropriate, as long as the analysis is conservative
or does not provide false inferences. Likelihood ratio (LR)
approaches compare mutually exclusive hypotheses and can be
quite useful for evaluating the data. However, some LR calcula-
tions and interpretations can be complicated, and their significance
to the case may not be apparent to the practitioner and the trier of
fact.’’ Also the DAB stated ‘‘The DAB finds either one or both PE
or LR calculations acceptable and strongly recommends that one or
both calculations be carried out whenever feasible and a mixture is
indicated.’’ This is a more balanced position and is more practical
for addressing the various mixture profiles that may be encoun-
tered. It is better to use what is best determined to be meaningful
for assessment and ⁄ or for communication by a laboratory. How-
ever, what ever is used must be clearly documented in the SOP
and any assumptions impacting the calculation should be recorded.

Lastly, we strongly urge caution with mixture interpretation with
any low copy number (LCN) typing. The interpretation guidelines
described above do not apply to LCN typing. Additional analytical
measures beyond routine typing protocols are taken to increase
amplicon yield from LCN samples. By its nature LCN typing typi-
cally analyzes samples that fall below the stochastic threshold. Peak
height ratios and allele dropout thresholds cannot be instituted for
such samples. Indeed, most peaks from LCN samples should be
below a dropout threshold. In order to obtain reliable interpreta-
tions, it is imperative that analysts recognize when they are work-
ing with LCN samples, define what modifications they make to
their protocols to obtain detectable amplified product, and develop
more strict interpretation protocols than provided herein.

Documenting the minimum number of contributors of a mixed
specimen and stating appropriate assumptions ensures that the nat-
ure of the mixture is fully communicated in the report. While accu-
rate, a statement in a report describing a mixture as indicating the
presence of DNA from more than one individual when more clarity
can be conveyed lacks the precision to provide a sense of what it
is that an analyst observed as a part of the analysis. In itself such a
statement may have reduced investigative lead value. As much as
it is the responsibility of the forensic scientist to not overstate the
significance of a test result, an equally important tasking is that an

analyst should not ignore defendable conclusions in a mistaken
effort to be ‘‘conservative.’’ Conclusions so ‘‘conservative’’ that
they strip away supportable elements of their meaning (i.e., grossly
understate) are effectively rendered inaccurate and are no less
unsuitable for reporting than an inaccurate over-statement of a
conclusion.
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