
Restriction fragment length polymorphism (RFLP) meth-
ods were supplemented by hybridization-based technolo-
gies such as the DQA1/Polymarker kits, which became
the first commercially available DNA typing kits for foren-
sic use. These methodologies had limitations that preclud-
ed their use on a wide spectrum of forensic sample types.
RFLP methods, while highly discriminating, proved to

be technically challenging, required a large amount of bio-
logical material, and were very time-consuming. The
hybridization-based technologies were not particularly
discriminating and the ability to detect and interpret mixed
DNA samples was challenging.
The adoption of short tandem repeat (STR) markers as

the standard for both casework and databasing provided
a number of advantages: (1) STR markers are highly dis-
criminating and amenable to multiplexing, (2) the small
size of the amplicons allow improved genetic profiling of
degraded DNA, and (3) the ability to detect amplified
product in a quantitative fashion using capillary elec-
trophoresis and gel-based methods meant that mixtures
were detectable and often interpretable.
The selection of the 13 core markers for development

of the Combined DNA Indexing System (CODIS) and selec-
tion of similar marker sets for other national databases pro-
vided the means to solve no-suspect cases through searches
against DNA profiles obtained from previously convicted
offenders. Further advancements in the development of
STR multiplexes have also facilitated the specific detec-
tion of male DNA in the presence of higher amounts of
female DNA (Y-STR kits) and the recovery of probative

information from severely compromised samples such as
human remains (miniSTR kits).

A GROWING PROBLEM
The rapid adoption of DNA technology has led to the pas-
sage of legislation, which expanded the use of DNA data-
bases worldwide. This expansion has included an
increasingly wider range of qualifying offenses warranting
the sample submission of convicted offenders; in some
jurisdictions, individuals arrested for certain crimes and,
in some instances, the sampling of alien detainees. As the
database has grown, so has the ability to solve crimes by
searching against the database, resulting in a significant
increase in the number and types of crime samples sub-
mitted for comparison.
Forensic laboratories have responded to the increase in

sample submissions by adopting more rapid processing
methods, taking advantage of robotic systems, higher
throughput instrument platforms, and automation. Labo-
ratory Information Management Systems (LIMS) have also
been put in place to manage the samples throughout the
entire sample collection, processing, analysis, and report-
ing process.
Since 2001, Toronto’s Centre of Forensic Sciences

(CFS) forensic service laboratory has validated and imple-
mented new processes to alleviate a 200% increase in the
number of samples, equating to greater than 15,000 sam-
ples extracted annually by the biology section while striv-
ing to improve the quality of services. This includes not
only a faster turnaround time but also a continual increase
in the number of cases accepted for DNA testing.
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The introduction of DNA technology into the forensic laboratory in the
mid-1980s enabled laboratories to process a larger array of sample types
and utilize more sophisticated tools to help answer difficult questions
inherent in forensic casework.
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Many of these cases can be classified as originating from
high-volume crime, including break-and-enters and robbery.
The CFS has been providing DNA services for several years
via an automated processing line for these case types with the
primary goal of rapidly producing a DNA result that can be
uploaded and searched using CODIS to the National DNAData-
base. To date, approximately 2,000 break-and-enter samples
per year have been processed utilizing this approach.
Recognizing that many laboratories in the United States

have faced the same challenges as the CFS, the National Insti-
tute of Justice (NIJ) through the authorization of the Debbie
Smith Act initiated the Convicted Offender DNA Backlog
Reduction Program to provide designated grant funds to lab-
oratories for the purpose of eliminating the databasing sample
backlogs1 and to help laboratories relieve some of the burden
of increased sample submissions.
Such funding has led to improvements that have success-

fully reduced the amount of hands-on processing time required
for many laboratory analysts. The result, however, is that the
burden has shifted downstream to the data analysis portion of
the workflow.

ADDRESSING THE DATA ANALYSIS BOTTLENECK
THROUGH EXPERT SYSTEMS
Over five years ago, the Forensic Science Service (FSS) began
utilizing expert system software to speed up the sample review
process and reduce the result turn around time. Currently, in
the United Kingdom, the FSS database contains profiles of
greater than 4 million individuals, or approximately 6.5% of
the population.
This year, the United States surpassed 5 million samples

that have been uploaded to the CODIS database.2 Prior to their
entry into the database, each of these profiles was manually
interpreted and subjected to secondary review; an extremely
time-consuming process but necessary to ensure the integrity
of the data and verification of profile quality.
In May 2004, the Federal Bureau of Investigation (FBI)

incorporated Appendix B Guidelines for Submitting Requests
for Approval of an Expert System for Review of Offender Sam-
ples into the National DNA Index System (NDIS) DNA Data
Acceptance Standards,3 enabling laboratories to utilize tools
developed to reduce the time required to review data.
An Expert System is defined by NDIS as a system that can

“increase laboratory efficiency and/or effectiveness by auto-
matically interpreting nuclear DNA allele/profile data.” In
generic terms, expert systems are computer programs that con-
tain subject-specific knowledge.
Guided by user-defined rules, expert systems can analyze

a given set of data with the same skill as a human expert. The
most basic description of an expert system for forensic analy-
sis is a program that can evaluate the quality of a sample based
on a laboratory’s established DNA interpretation guidelines.
The system increases laboratory efficiency by automatically
segregating passing samples, or those that meet user-defined
thresholds, from those that do not meet user-defined thresh-

olds and therefore require manual review, which may result
in rejection of the sample.
The NDIS guidelines are specific to single source samples

and currently do not apply to the evaluation of casework data.
Figure 1 illustrates the Expert System workflow.

OPTIMIZATION OF AN EXPERT SYSTEM
In order for forensic laboratories to implement an expert system
into their databasing workflow, the entire system must be opti-
mized and validated. The system is defined as the specific STR
chemistry used to amplify the DNA combined with the instru-
ment and data collection software used to detect the data and
the data analysis software used to analyze the results.
The NIJ Expert Systems Test Bed (NEST) project has per-

formed an extensive review of three commercially available
data analysis software applications, which may be used as
expert systems, including Applied Biosystems GeneMapper®

ID v3.2.1, the Forensic Science Service (FSS) i3, and Cyber-
genetics’ TrueAllele system.4 Recently, Applied Biosystems
released GeneMapper® ID-X Software v1.0, which was specif-
ically designed for use as expert system software.
To optimize any software package as an expert system, lab-

oratories must verify the ability of the software to correctly flag
data that falls into a number of different challenge categories,
including samples with:
• Stutter peaks exceeding user-defined thresholds
• Heterozygote peak height imbalance
• Artifacts that may result from spectral pull-up and minus
A or plus A shoulders or spikes

• Tri-allelic patterns
• Multiple contributors (mixtures)
• Contamination
• Off-ladder alleles due to microvariants, including those out-
side defined allelic ladder ranges

• Partial profiles with missing alleles or loci
The process of expert system optimization involves the fol-

lowing steps:
1. Manual interpretation of the optimization data set – samples
characterized as pass or edit/reject

2. Automated interpretation of the data set using the software
system(s) validated by the laboratory

3. Comparison of the manual characterization of the sample set
and the automated characterization of the sample set

4. Verification that all samples manually characterized as
edit/reject was flagged by the software. If this is not the case,
optimize thresholds to ensure that challenged samples are
flagged

5. Optimization of thresholds to align manual characterization
of a passing sample with expert system characterization

6. Repeat automated evaluation of the data using the optimized
thresholds.
Steps 4 and 5 of the process described above require an

understanding of the thresholds, which may be optimized to
achieve alignment between manual interpretation and auto-
mated interpretation.
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Figure 1. Expert System Workflow

For example, a laboratory may define a peak height ratio
threshold for a single source sample of 0.65. Upon review of
a single source profile, one locus with a peak height ratio of
0.63 is flagged for falling below the threshold; however, all
other loci appear well balanced. In this instance, the sample
may be passed manually, but would be flagged by the expert
system.
Laboratories will need to weigh the value of lowering the

peak height ratio threshold and passing more samples using
an automated procedure against accepting less stringent cri-
teria for this particular data quality value. Other parameters
that may be adjusted include peak morphology parameters
such as the broad peak threshold; low peak height thresholds,
which serve to flag possible partial profiles; peak detection
parameters such as peak window size and polynomial degree,
which can minimize detection of shouldering; peak amplitude
threshold; stutter percentages; and maximum peak height
thresholds.
The time savings realized by laboratories adopting an expert

system for data analysis can be significant, resulting largely
from the ability of the expert system to apply user-defined
thresholds to segregate passing and non-passing data, and elim-
inate the time spent manually reviewing passing samples.

THE IMPORTANCE OF DATA QUALITY
The generation of high-quality data is a critical factor in making
full use of an expert system for data analysis. Expert systems are
designed to flag low-quality data; therefore, the better the data
quality, the more passing samples will be obtained, resulting
in less data review time on the part of the analyst. Achieving
high-quality data is a function of:
- Sample quality – proper collection and storage to prevent
degradation

- DNA extraction procedures, which result in high quality
DNA
- DNA quantity sufficient to achieve full profiles
- Targeting appropriate PCR input amounts to produce bal-
anced profiles
- Proper instrument maintenance and calibration to ensure
instrument performance and minimization of artifacts.

IMPROVED DATA EVALUATION TOOLS
Although the use of expert systems to automatically segregate
casework samples has not received widespread adoption in many
areas around the world, all casework laboratories can benefit
from existing data analysis functionality within the commercial-
ly available software expert systems. Virtually all of these sys-
tems provide the ability for users to set thresholds for a variety
of peak detection and allele-calling parameters.
These systems also provide the ability to determine why

flags fired and which peaks triggered the flags. Automated eval-
uation of allelic ladders and the ability to perform control com-
parisons also can streamline data analysis and reduce the
burden on laboratory analysts.
Other functionality that will prove beneficial is the ability

to perform automated profile comparisons for quality control pur-
poses, allowing facilities to detect potential contamination or ver-
ify the typing results obtained for quality control samples against
known profiles. Laboratories may also take advantage of soft-
ware tools that can assist in performing analysis of mixtures; a
particularly time-consuming task for most laboratories.
At the Toronto Centre of Forensic Sciences, the use of

Applied Biosystems’ GeneMapper® ID v.3.2 has been adopt-
ed for all sample types, including high volume crime. The
emphasis of DNA interpretation for high volume, no-suspect
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cases has been to identify single-source or obvious major pro-
files that meet the criteria for CODIS entry.
In 2008, newly proposed federal legislation is expected to

dramatically increase the number and type of high volume cases
that can benefit from DNA databasing, resulting in a further
10,000 samples that must be processed utilizing the automat-
ed DNA testing methods at the CFS. The critical pressure will
not be from a lack of equipment but from a lack of personnel
who are required to interpret these DNA profiles prior to upload.
Improved DNA analysis software will be of assistance for

these cases. Incorporation of an expert system into the work-
flow at the CFS laboratory has reduced the data analysis time
from 4.5 hours per 96 well plate to less than one hour.5

ELECTRONIC CHAIN OF CUSTODY
Data analysis software systems may also assist laboratories
in ensuring the integrity of electronic data. All forensic labo-
ratories have developed standard operating procedures designed
to track the handling of evidence items from the time of receipt
to the release of the items. Often these chain of custody proce-
dures do not extend to the tracking of electronic data through-
out the analysis process.
Current software systems allow users to segregate data such

that only qualified analysts may access the data and make edits
to profiles. Such systems also provide the ability to control
changes to the software by restricting access to particular func-
tions, such as modification of analysis methods. Any changes
made to the software may be tracked to the user who is current-
ly logged in to the software at any given time.
Similar change control functionality exists for allele edits

as well, allowing technical reviewers to distinguish between
the automated evaluation of a sample made by the software and
manual edits made by the primary analyst. All of these func-
tions help to safeguard forensic evidence throughout the entire
laboratory process.

THE IMPACT OF EXPERT SYSTEMS ON CRIMINAL
INVESTIGATIONS
Throughout the last several years, through innovative grant pro-
grams, advances in technology, and dedicated individual con-
tributions, the use of DNA to assist in the solving of criminal
cases has continued to grow.
Improvements throughout the sample collection and pro-

cessing methods have enabled forensic laboratories to process
increasing numbers of samples, causing a bottleneck to occur
when samples are reviewed prior to entry into national DNA
databases. With this trend expected to continue, laboratories
are now incorporating efficient data analysis software systems
into the forensic laboratory workflow.
As more laboratories become proficient in the use of these

systems, it is expected that the overall data analysis time will
be reduced, that additional quality control parameters to ensure
data quality will be automated, and that the integrity of foren-
sic data generated using expert systems will be improved.

Perhaps the most realized impact will be the ability of foren-
sic laboratories to process increasing numbers of samples with
the same resources in a shorter amount of time, assisting law
enforcement more efficiently throughout the criminal inves-
tigative process.
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